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Achromatic Perception in Color Image Displays
by
Mark E. Gorzynski
A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science in the Center for Imaging Science in the College of
Graphic Arts and Photography of the Rochester Institute of Technology
ABSTRACT
The perception of achromatic colors is an important aspect of CRT color appearance.
Achromatic colors are important for practical reasons such as image color balance and as
fundamental components of chromatic adaptation and color constancy research. Data on
achromatic colors is absolutely essential for applying CIE colorimetry to CRT-hardcopy
matching. For example, the CIELAB formulas require the specification of the tristimulus
values of white. Unfortunately, psychophysical data on the perception of achromatic colors,
including white, in CRT-hardcopy matching situations is not readily available in the
literature. The purpose of this research was to investigate factors that affect the perception of
achromatic colors in CRT and hardcopy images viewed in a desktop environment.
Four psychophysical experiments were performed in this research. In these experiments,
three observers made judgements of achromatic colors on a CRTmonitor and in hardcopy images
in isolated and matching situations. The color of image balance and ambient illumination in
the laboratory was varied between 2700K tungsten and 6000K daylight-fluorescent. The results
show that chromatic adaptation was controlled almost totally by the CRT image. Adaptation
to tungsten was found to be incomplete. When adaptation was incomplete, the chromaticities of
achromatic color judgements fell into two categories similar to Bartleson's type I and II, where
type II show higher color constancy. Judgements were more likely to be of type II when surface
color attributes were present in the CRT image and when the observers were instructed to
consider the CRT colors in surface mode. When the images contained more illuminant
attributes, the results resembled type I. Hardcopy always produced type II results.
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ACHROMATIC PERCEPTION
IN COLOR IMAGE DISPLAYS
Mark E. Gorzynski
February, 1992
I sit here and listen
while my memories are playing-
wordlessly weighing
whatmy senses are saying.
An introductory poem for my first exhibition of
photographs, Villa Maria College, 1978.
1. Introduction
1.1. Overview
In recent years, continued advances in computer and image display
technology have been accompanied by a great deal of excitement about new
computer controlled color imaging systems. One of the most attractive
features of this new technology is the interconnection of modular
"desktop"
input and output media such as scanners, cathode-ray tubes (CRTs) and color
printers into user-friendly systems. This has resulted in many new
applications. The graphic arts industry is finding that CRT displays make
efficient and inexpensive layout and proofing media when connected to
computers running various types of image editing software. Scientists find
computer graphics systems invaluable for generating visual stimuli,
interfacing with observers, and analyzing data. Even general consumers are
attracted to personal computer systems with color displays and printers. At
the present, a variety of imaging companies are increasing their efforts to
provide improved products to these and many other markets.
1. Introduction
There are many problems associated with designing these color
reproduction systems. As technology has developed, the primary focus has
been on speed and spatial resolution. Lately, improvements in hardware
have shifted the focus to more traditional problems of color reproduction.
Field (1988) has categorized traditional concerns into three areas: tone
reproduction, color balance, and color correction. Of these, color balance (the
correct reproduction of achromatic colors) has been considered of primary
importance. This was was emphasized by Evans in 1953.
"Experience has shown that one of the prime requirements which a color
process must fulfill is that it reproduce a scale of neutrals approximately as
neutrals. Gross deviations from such a reproduction are seldom acceptable. If
such deviations occur, the picture as a whole will appear to have an overcast of
the predominant color. In many such cases, many of the colors in the
photograph may be more nearly correct reproductions of the original color than
would normally be obtained; nevertheless, the color photograph as a whole is
less satisfactory."(Evans, Hanson, and Brewer, 1953).
The perception of achromatic stimuli has also been important in a variety
of color appearance studies. Researchers have long used achromatic stimuli
as an operative definition of chromatic adaptation level (Helson, 1938). In
studies of color constancy, the cognitive phenomena referred to as
'discounting
illumination' has traditionally been interpreted as a shifting of
the achromatic point in the chromaticity diagram (Judd, 1940). Furthermore,
most psychophysical scales of color appearance attributes such as chroma and
hue (i.e. hue angle) are based on specification of a perceptual white (Wyszecki,
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1986). Helson and Michels remarked on the general importance of
establishing achromatic stimuli in 1948.
"The problem of defining the achromatic or neutral point of the eye for all
states of adaptation has now become central for both theory and practice of
colorimetry and for further insight into the nature of the visual response
system." (Helson and Michels, 1948).
Periodically, research efforts have produced models for predicting
quantities related to color appearance including achromaticity. These
methods begin by extending basic CIE colorimetry with models of chromatic
adaptation. These include CIELAB and CIELUV (CIE, 1986), as well as the
more comprehensive Hunt (1987, 1991) and Nayatani (1987, 1990) color
appearance models. A common attribute of chromatic adaptation transforms
is the requirement for the specification of the CIE tristimulus values of a
perceptual white (white point or achromatic point).
Unfortunately with many applications there is no well defined method for
establishing the tristimulus values of white or other achromatic colors. The
CIE (1986) gives the following brief recommendation concerning the use of
the CIELAB and CIELUV formulas.
"[the CIELAB and CIELUV] spaces are intended to apply to comparisons of
differences between object colours of the same size and shape, viewed in
identical white to middle-grey surroundings, by an observer photopically
adapted to a field of chromaticity not too different from that of average
daylight." (CIE, 1986).
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The situation is similar with most models in that it is left to the user to
ascertain the white point, usually considered most dependent on state of
adaptation. The problem with new systems such as described above is that
images are often complex and viewed in various surrounds and with
different types of media. In these cases, the state of adaptation may not be easy
to determine without prior experience or experimental data.
In addition to accurately specifying model parameters such as the
tristimulus values of white, it is also important to decide whether a particular
model is valid for a proposed application. The CIE states that CIELAB and
CIELUV are "approximately
uniform" for the simplified viewing conditions
described above. Most color reproduction applications display color in much
more complex surrounds. When research is performed with a limited set of
conditions, care must be taken in extending the results to other situations not
directly investigated. For example, Brainard (1989), Arend and Reeves (1986),
and Arend and Goldstein (1987) used geometric patterns of colors displayed
on CRTs to evaluate color constancy phenomena and discussed their results
as if applicable to hardcopy. Currently, there is no evidence that spatially and
colorimetrically matched areas on a CRT and hardcopy will be perceived the
same. In fact, Luo et al. (1991) found some evidence to the contrary. In a pilot
to their main experiment, a complex viewing field was used consisting of a
Macbeth Colorchecker Chart and its representation on a CRT monitor.
Twelve observers interactively matched the monitor colors to those seen in
the Colorchecker Chart under controlled conditions of illumination. Their
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results showed that the mean color differences between the matched
hardcopy and CRT colors was about seven CIELUV units even though the
observers were able to adjust the display to within one CIELUV unit. They
indicate that their observers were satisfied with the color matches and
propose that colorimetric matches between CRT and hardcopy would not
have produced appearance matches.
Prior knowledge of the nature of achromatic perception is important for
basic color reproduction requirements such as image color balance. It is also
an important part of color appearance theory embodied in formulas such as
CIELAB and CIELUV. The problem facing designers and users of new
computer controlled imaging systems is obtaining psychophysical data on
achromatic colors. The purpose of the research described in this thesis was to
address this problem. Two areas of literature will be examined in the
remainder of this introductory section. First, research and methods in the
established fields of printing, photography and television will be examined in
order to ascertain how achromatic points have been determined in the past.
Finally more theoretical research in aspects of human perception such as
chromatic adaptation and color constancy are examined.
1. Introduction
1.2. Literature
1.2.1. Printing
The reproduction of achromatic colors is an area of study in color printing
because of the importance of image color balance. Color or gray balance is
defined in a printing context as the proper amount of cyan, magenta, and
yellow printing ink needed to produce an achromatic scale with no apparent
hue (Southworth, 1979). The most common way used to control gray balance
in printing is visual evaluation of printed standard gray balance charts (Field,
1988). This method is tedious and requires a great deal of practice to be able to
relate ones perception of incorrectly colored test charts to the process changes
required for correction. Since changes in viewing conditions can alter the
appearance of color reproductions during visual evaluations, the graphics
industry has supported efforts to provide standards for illumination and
surround. A series of standards have been proposed by ANSI beginning in
1972 (ANSI PH2.34, 1972). These standards address issues such as type of
surround, illumination correlated color temperature, and color rendering
index. The current recommendation is for a 5,000 K correlated color
temperature for all evaluations and a 90-100 color rendering index for all light
sources (Field, 1988). Explicit instructions are given for controlled surrounds,
which essentially means that all visual evaluations are to be performed in a
light-booth enclosure isolated from influences from the surrounding room
lights, walls, ceilings, and floors.
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Over the years, there have been many proposals of methods for more
quantitative gray balance control. The most popular of these has been based
on densitometric measurements. In 1957, Preucil recommended a set of
formulas to calculate "grayness" and "hue" from color density readings. In
this set of formulas, referred to as the Preucil measurement system,
"grayness," G, is defined as the ratio of the lowest color (not colorimetric)
density to the highest. This highlights a common assumption in printing;
that equal color densities achieve a perceptually achromatic or "gray scale".
The responsivities of a densitometer are not linearly related to color
matching functions, and so colorimetric density is not easily or consistently
related to color appearance or matching. The fact that the Preucil system
remains popular today is not because of its ability to predict perceptual hue or
achromatic grays consistently, but rather because of its simplicity, low cost in
equipment, ease of understanding, and the correspondence of its parameters
to familiar printing process control parameters.
Densitometry was also the basis of a series of computational methods
using modified Neugebauer equations (Pobboravsky, 1966; Yule, 1967;
Chappuis, 1977; Archer, 1981). Because of their complexity, these methods
have never received wide-spread use despite moderate success with well-
behaved inks and paper. The fact that most printers still rely on visual
appraisal of neutrals in test images is indicative of the limitations of
densitometry in providing useful information for predicting color appearance
in a process where many different ink sets and papers are used.
Densitometric methods remain a rough color reproduction tool and fine
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adjustments are still made using a combination of experience and visual
judgements.
Attempts to utilize CIE colorimetry in printing have been largely
unsuccessful. Most printers have described the relationship between CIE
chromaticity and printing process parameters as difficult to comprehend
(Yule, 1965). Appearance related parameters such as purity and saturation
developed some interest but were still described as not as descriptive as
referring to a cyan ink with a hue error of 30% toward blue as might be
indicated by the Preucil system. A few colorimetry-based systems were
proposed that provided process related information like the Preucil system
(for example, Yule, 1965; Celio and Mast, 1989). Gray suggested using CIELAB
and CIELUV as the basis of Preucil-like system (Gray, 1985). In Gray's
proposal, standard ANSI viewing conditions are assumed and so D50 is used
to define the white point. For the most part, systems based on colorimetry are
not widely used. The reasons for the limited use of colorimetry by the
printing industry has been discussed in detail by Johnson (1990, 1989, 1985,
1982) and by Yule (1965, 1967).
Today, colorimetric methods of controlling image reproduction are
beginning to replace densitometry and trial and error with visual inspection
in the color separation area of printing. Many digital scanners use look-up
tables relating the CIE tristimulus values of an original to half-tone dot
values. These began to appear in the early 1970's and were first described by
Korman and Yule (1971). These tables are usually built by experience with
acceptable prints made over a period of time (Southworth, 1989). When
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experience with acceptable prints is used to build look-up tables, the result is
not necessarily colorimetric color reproduction. That is, the aim is not to
equate the CIE tristimulus values of original and reproduction on a pixel by
pixel basis. Instead, it enables the printer to first represent the original in a
colorimetric or "color matching" space, thereby removing the effects of
metamerism encountered with densitometry. Tristimulus values are
mapped via the look-up table to ink amounts. This gives reasonable
assurance of achieving an acceptable reproduction. This type of method is not
entirely removed from trial and error since experience is required to build the
look-up table.
As indicated in the discussion above, reproduction of achromatic colors is
important in printing. The techniques used by the industry have been based
on emperical methods and experience and as a result can not easily be adapted
for use in automated hybrid systems. If new printing systems are to make use
of color formula such as CIELAB or CIELUV to replace direct visual apprasial,
information is needed on the perception of achromatic colors to make proper
choice of white points.
1.2.2. Photography
There is a large literature of color appearance studies and the application
of colorimetry in the photographic industry. There are many good reviews of
this literature including Hunt (1987a), Spencer (1966), Mees (1977), Evans
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(1948), and Evans et al (1953). In photography, the perception of achromatic
colors has been studied in investigations of perception, color balance, and
chromatic adaptation. Evans (1943-1974) has presented a large amount of
material on the perception of photographic images. His work has been
important in developing many of the current techniques for lighting in
professional color photography. In the late 1930s and early 1940s, he
integrated available information about cognitive and sensory theories of
perception to develop two important concepts, integrated color balance and
the "consistency
principle." These concepts are discussed below.
Based on the work of Wright (1934) and Schouten and Ornstein (1939),
Evans proposed that the state of adaptation during photographic print
viewing dynamically changes depending on the shifting fixation point of the
observer across image and surrounding areas (Evans 1943). He discussed
adaptation in three basic forms: general adaptation, local adaptation, and
lateral adaptation. Evans refers to general adaptation as the average state of
adaptation over a period of print viewing. He considered general adaptation
as analogous to an average intensity for a scene as a whole for cases where the
fixation point of the observer moves rapidly about the entire scene.
Evans'
concept of general adaptation is similar to Helson's adaptation level theory
(Helson, 1943). During small periods of time where the fixation point can be
considered stationary, or when an observer concentrates on a particular image
area, Evans used the term "local
adaptation." Finally, local adaptation was
said to be affected by surrounding areas via "lateral
adaptation."
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Evans used the concept of general adaptation to address the perception of
color balance for reflection images viewed in normal surroundings.
"If the reproduction is to be viewed while held in the hand, or is seen
among equally illuminated and familiar objects, ... the observer then sees the
print simply as one of the objects in the field of view and his eye is adapted to
the general illumination. "(Evans 1943).
Here Evans implies that the the general adaptation of an observer viewing
reflection prints can be predicted by examination of the source of ambient
illumination. According to Evans, if a print is to have an overall achromatic
balance, its integrated chromaticity should be the same as that of the ambient
illumination.
Evans further differentiated between an image and objects depicted in an
image. He used color balance to refer to the overall color of the image as a
whole and "subject color" to refer to the colors of objects in an image. Evans
referred to subject color as being dependent on a cognitive phenomena he
called the "consistency
principle."
"...the observer will be satisfied with the color reproduction of the subject
if it meets one very interesting requirement. The process must be so adjusted
that the colors are internally
consistent."(Evans 1943, original emphasis).
Evans went on to suggest that if the consistency principle holds, observers
can in some cases accept subject color even in off-balance prints. That is, even
1. Introduction 12
if an observer perceives a print as having a non-acceptable, non-achromatic
color balance, objects in the image can be perceived as being correctly colored
for that image if all depicted objects are consistent. Evans could not provide a
meaningful description of the nature of consistency. However in a later
work, he compared consistency in photographs to color constancy theory in
general (Evans, 1948). His conclusion at that time was that consistency and
color constancy are dependent on both sensory (adaptation) and cognitive
processes. He describes photographs as being equivocal stimuli in that they
provide enough of the perceptual
"cues"
of form, texture, and color to create a
reasonable likeness of the original but not enough for satisfactory color
appearance reproduction with chromaticity matching. Combining this with
basic limitations of color photography causes objects in photographs of
normally lighted scenes to appear incorrectly colored compared to the
originals. Professional photographers have to use special lighting techniques
to
'adjust' the scene so its photograph appears as though normal
illumination was used.
Adaptation to reflection prints viewed in complex and simple surrounds
was examined by Bartleson (1958). In this investigation, Bartleson created a
set of 13 color prints from a single negative. Each print varied from an
'ideal'
print by 0.05 and 0.10 log exposure increments in six directions. Thus, there
were two each of cyan, magenta, yellow, red, green, and blue prints with
respect to the centroid. In the experiments, observers were asked to examine
prints one at a time and to scale the image in terms of quality by assigning a
number from -5 to 5. In the first part of the investigation, observers viewed
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prints on uniform gray, red, green, and blue backgrounds. In the second part,
two different room scenes were used as a 'complex' surround. The ambient
illumination in these test rooms was varied between tungsten and tungsten
that was filtered to resemble daylight. Results from the experiments showed
that the 'ideal' or correctly color balanced print was most likely to be ranked
highest in quality under all illumination and with all backgrounds. Ideal
prints were stated as having integrated chromaticities that matched those of
ambient illumination. His results also showed significant contribution from
print areas to chromatic adaptation. The quantitative usefulness of
Bartleson's results are limited because they are stated in terms of film
exposure. Bartleson's results do suggest that the integrated color balance
techniques of Evans are reasonable.
Bartleson and Witzel (1967) investigated color balance with color
transparencies. By reviewing previous studies and performing several
different experiments, they concluded that projection sources with a wide
range of correlated color temperatures produced pleasing, achromatically
balanced images. They suggested that image luminance was much more
important in terms of image quality then the correlated color temperature of
the projector. They did find, as suggested by Hurvich and Jameson (1951a,
1951b) and Jameson and Hurvich (1951), that images whose chromaticities
integrated to D65 would appear correctly balanced at lower luminances than
other color temperatures.
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1.2.3. CRTDisplays
The perception of CRT (television) images is well represented in the
literature but the references are scattered across many industries and journals.
The CIE has published an extensive bibliography on CRT colorimetry and it is
a useful guide to this literature (CIE, 1990). Detailed descriptions of the NTSC
system of color television and the application of CIE colorimetry have been
provided by Bingley (1953-1954), N.T.S.C. (1954), Neal (1973), and
Wintringham (1951). Bartleson (1968), MacAdam (1955, 1956), and Hunt
(1987) provided good summaries of established ideas concerning television
display appearance and reproduction.
As with photographic transparencies, choice of color balance (white point,
achromatic point) has been an important issue in CRT color reproduction
through the years. This interest began with color television and continues
currently with new systems for computer graphics and high resolution
television. Recently, Brill and Derefeldt reviewed the history of CRT white
point standards (1991). The following is from their abstract and provides
background on the issue.
"There are two common chromaticity standards for video-display-unit
reference white, one standard at 6500K ..., and the other, an industrial
standard, at 9300K. The choice of D65 evolved from the NTSC specification for
television receivers based on Illuminant C an average daylight at 6800K. ...
many manufacturers chose 9300 K because the chromatic efficiency of the
prevailing blue phosphors was greater than that of red or green phosphors,
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because viewers did not object to a blue color bias, and because 9300 K was bluer
than any of the prevailing ambient
illuminations." (Brill and Derefeldt, 1991).
Zwick examined the issue of D65 vs D93 for CRT white point by having a
group of observers rank the quality of standard images displayed on CRTs
balanced to both color temperatures with luminances of 68 cd/m2 (Zwick
1973). His results show a strong preference for images balanced to D65.
Specification of the tristimulus values of a white point is important in the
application of CIE color spaces such as CIELUV and CIELAB to CRT color
reproduction. The CIE has reviewed the appearance of self-luminous displays
(CIE, 1984; CIE TC 1-10, 1986), and has provided guidelines for the application
of these formulas (CIE, 1986) as discussed above. Carter and Carter (1983), and
Post (1984) discussed the use of CIE formulas for CRT displays. Post reviewed
the CIE recommendations for image observation using a uniform, white
surround and surmised that the intention was to control the observer's state
of adaptation. This assumption has played an important role in the
development of many new cross-media reproduction systems.
1.2.4. Cross-Media Color Reproduction
The latest technological advance to greatly affect color reproduction is the
interconnection of printing, photography, and television (CRT displays) via
computers in what have been called 'cross-media' or 'hybrid' systems in
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many recent publications. Color reproduction in hybrid systems raises new
issues because of several factors. First, methods used previously in printing,
photography, and television were based to some degree on experience with a
particular set of assumptions rather than knowledge of human perception.
Hybrid systems present new applications that upset previous assumptions.
Second, except for some pre-press operations, the three traditional media
were used separately. Cross-media, by definition, implies that images will be
displayed and compared on different media. Finally, all three industries use
highly experienced craftsmen in dedicated laboratories for image production.
Today, computer and display equipment is becoming faster, easier to use, and
small enough to fit on a desktop. Users increasingly expect systems to
provide a transparent
"WYSIWYG" (what you see is what you get) translation
of color between display devices so that they can concentrate on their work.
For example, artists are able to work on page layouts for magazine
advertisements using an interactive desktop computer graphics system.
When they want a printed copy of the CRT image, they expect the computer
and printer to take care of the reproduction process quickly without their
help.
Much has been written about color reproduction in cross-media systems
and the now popular
'softcopy-hardcopy'
matching problem. Surprisingly,
very few visual psychophysical experiments have been reported. Hunt has
written about color reproduction in general for many years (Hunt, 1965, 1970,
1972, 1976-1979, 1980, 1982, 1987b). His writing addresses research and theory
concerning printing, photography, and television and thus provides perhaps
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the best overview of current knowledge in these traditional areas and the
color appearance of images in general.
Hunt (1982) summarized factors affecting the appearance of images. The
factors he mentioned were border (background), angular magnification,
luminance, illuminant, surround, and mode of appearance (cognitive
processes). He described psychophysical data on the effects of angular
subtense (Burnham, 1952; Troscianko, 1978), luminance (Bartleson and
Breneman, 1967; Hunt, 1953), and adaptation to image areas (Hunt, 1979a) but
does not give further details on mode of appearance or image matching.
Cross-media color matching has a long history in the printing industry
where photographic transparencies are used as originals for reproduction in
hardcopy. Bartleson and Clapper (1967) and Bartleson (1968) reviewed the
literature on tone reproduction, color balance, and the perception of white to
make recommendations for viewing conditions for comparing
photomechanical reflection prints to photographic transparencies. Their first
recommendation was to provide identical surrounds. Second, they
recommended that print and transparency illumination should have high
color rendering index and a correlated color temperature of 5000K. Third, the
luminances of the print and transparency should be set so as to equate the
relative brightness scales. The first and third recommendations were based
on the work of Bartleson and Breneman (1967). The second recommendation
was based on the classic study of white by Hurvich and Jameson (1951a, 1951b)
and Jameson and Hurvich (1951). Hurvich and Jameson suggested that self-
luminous fields would be judged as white' at lower luminance levels if their
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correlated color temperature was around 6500K. Bartleson recommended
5000K because it was a standard in the printing industry and was similar in
appearance to 6500K. Bartleson pointed out several times in the articles that
these recommendations would provide an improved but not perfect
appearance match.
"The net result is that, although the transparency still appears to be a
transparency with more scale and greater saturation than the print, its
appearance is so much closer to that of the print that we find ubiquitous
agreement that the comparison of print and transparency is much less difficult
than without the surround."(Bartleson and Clapper, 1967).
He does not give further explanation concerning the reasons for the
continued appearance mis-match and did not report any psychophysical
evidence to support his recommendations. Also, Bartleson never made the
claim that image borders control state of adaptation.
The results of Bartleson and Clapper described above and the CIE
recommendations for viewing in a uniform surround have often been mis-
referenced by designers of systems where softcopy and hardcopy are
compared. For example, Masia et al. (1985), Saunders (1986), Holub et al.
(1988), and Schreiber (1986) all state that softcopy-hardcopy matching should
be performed with large white borders around CRT and hardcopy images to
control adaptation. Suggesting that an image border can control adaptation
regardless of image content contrasts with the earlier work Bartleson
performed on adaptation to complex images in which he found that image
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areas play an important role in setting adaptation state (Bartleson, 1958). In
addition, large controlled surrounds such as light booths may not be practical
for use with desk-top systems.
Lamming and Rhodes (1988) simply stated "Because the monitor is the
lightest area in the visual field, it controls adaptation." First of all, if CRT and
hardcopy images are compared in an ordinarily lighted room, the CRT will
normally not be the brightest area in the visual field. Furthermore, their
statement is made without qualification. Also without qualification, they
state that because of color constancy effects, the color balance of reflection
prints should always match the chromaticity of the paper. If the image paper
is a non-selective perfect reflecting diffuser, this last statement agrees with the
point of view of Evans (1948) and Bartleson (1958) on preferred color balance
matching the chromaticities of ambient illumination. Unfortunately, most
papers used for printing and photography do not have 100% reflectance across
the spectrum and thus, the chromaticities of the paper may not make a good
choice for setting image white point.
Hunt and Winter investigated achromatic perception in CRT and
transparency images for a series of different color balances (1975). Using a
color naming technique of Pinney and DeMarsh (1963), Hunt and Winter
determined the chromaticities of perceptually achromatic stimuli for
observers adapted to a series of uniform fields with chromaticities along the
Planckian locus with color temperatures ranging from over 17,000K to about
2,900K. Their results indicated first that perceptual neutrals were only
chromaticity matches to the adapting field with a color temperature of 5500K.
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At other color temperatures, observers choose neutrals that were skewed
toward the chromaticities of 5500K. Hunt attributed the shifts in subjective
neutrals away from the adapting chromaticity to incomplete adaptation and
suggested that adaptation is complete only to fields around 5500K.
Hunt and Winter also extended their investigation to include different
types of ambient illumination. Their results showed that subjective neutrals
shifted in the direction toward the chromaticities of the ambient
illumination. The amount of the shift was proportional to the luminance of
the ambient illumination. It should be noted that they mention they had
trouble controlling flare in their test images. If presence of flare changed the
chromaticity of the adapting field, adaptation would shift toward the
illuminant creating a falsely enlarged effect.
1.2.5. Color Constancy and Chromatic Adaptation
Important aspects of achromatic perception have also been studied under
the general headings of color constancy and chromatic adaptation. These
areas have been investigated extensively for the past 100 years. As a result,
quite a number of fundamental experiments have been run. Fortunately,
there are almost as many reviews of this ponderous amount of literature as
there are primary sources of data. Katz (1935) gave a good review of the
extensive amount of experimental work done in the early part of this century
on color constancy. Hochberg (1971) gave a particularly good discussion of
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potential sources of error in the many color constancy experiments. Koffka
(1963) and Beck (1972) are also very good for an overview of the various
theories of color constancy and adaptation. Evans (1948, 1953, 1959) discussed
color constancy and adaptation with respect to reflection images. More
recently, Jameson and Hurvich (1989) have reviewed the physiological basis
of current theories of color constancy. Bartleson (1977, 1978a,b), Wyszecki and
Stiles (1985), and Fairchild (1990) provide reviews of the chromatic adaptation
literature.
Bartleson compared the performance of 8 methods of chromatic-
adaptation transformation (1978b). In his study he started with the
chromaticity coordinates of a set of 120 Munsell papers under CIE illuminant
D65. He then used each of the 8 chromatic adaptation models to calculate
corresponding chromaticities for CIE illuminant A. He examined the results
by plotting his predictions of corresponding chromaticities and noticed that
the distributions of points fell into two basic shapes that he called type I and
type II. At the time, he noticed that a basic difference between the models was
that type I differed significantly from the basic von Kries coefficient rule while
type II were more similar to a von Kries transform.
Later, Bartleson re-examined the same 8 models with one additional one
of his own design (Bartleson, 1979b). He again reported that the models fell
into two categories. He proposed, based on unpublished work of Takahama et
al. (1979), that the experimental techniques used in the 9 studies were such
that type II results would show a much higher degree of object-color
constancy that would type I results. His comparison of the 9 studies showed
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closer agreement for data of one type than overall between types. He
mentioned that type II results were more likely to be based on psychophysical
data collected using colored papers than luminous colors. He suggested that
this would have allowed "more effective discounting of the
illuminant"
during the experiments and as a result, higher color constancy. Bartleson did
not report chromaticities of achromatic colors.
The results illustrated in Bartleson's comparison were not forgotten by
Nayatani, Takahama, and Sobagaki when they first began work on nonlinear
models of chromatic adaptation. In their report to the CIE (Nayatani et al.,
1980) they stated the following fundamental assumption as "Principle 2" of
their model:
"When the reflectance of a given non-selective sample is equal to that of
the non-selective background (more correctly, equal to the adapting
reflectance), the sample is always perceived achromatic irrespective of the
color of the light emitted by illuminating
source."(Nayatani et al., 1980).
In other words, rather than try to handle both types of data they assume
complete color constancy for achromatic colors equivalent to Munsell Value
5. This would place their model in Bartleson's type II category. This
assumption is still valid in their most recent formulation of their chromatic
adaptation and color appearance model (Nayatanie* al., 1990).
Hunt has also proposed a color appearance model (Hunt, 1991). Unlike
Nayatani, Hunt makes provision in his formulation for incomplete
chromatic adaptation (and incomplete color constancy). He also allows for
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cases where chromatic adaptation is incomplete but the color of illumination
is discounted. Fairchild (1991) recently published a modified von Kries model
for incomplete chromatic adaptation based on a simplification of the
chromatic adaptation part of Hunt's appearance model. Fairchild compared
his and 5 other models using 3 sets of experimental data. The 5 models were:
von Kries, Nayatani (1990), Hunt (set for discounting illumination), Hunt (set
not to discount illumination), CIELAB and CIELUV. Two data sets were from
Breneman (1987) and one was new. Both Fairchild (1990) and Breneman
performed chromatic adaptation experiments using self-luminous test colors
and both reported significant incomplete adaptation to illuminant A adapting
fields. Fairchild found that his new model performed slightly better than the
Hunt (1991) model and significantly better than the rest at predicting
corresponding chromaticities for changes in illumination from D65 to A.
This would be expected since the data showed incomplete adaptation and
color constancy to illuminant A and only the models of Fairchild and Hunt
were designed to account for this.
Luo et al. (1991a) recently had a group of observers scale the lightness,
colorfulness, and hue of 105 test colors using magnitude estimation. The
colors were displayed in a complex pattern on a CRT monitor and in
hardcopy. Data were collected for various colors of ambient illumination,
different ambient luminance levels, as well as different image background
and border colors. The data set is referred to as the
'LUTCHI'
set
(Loughborough University of Technology Computer Human Interface
Research Centre). Although a large amount of data were collected, only
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overall coefficients of variation are given for comparing CRT and hardcopy
colors. The coefficients of variation between CRT and hardcopy for lightness
and hue under illuminant A adaptation were significantly higher than for
D50 adaptation. This indicates that there was much higher disagreement
between luminous and nonluminous colors for illuminant A than for
illuminant D50. This is in agreement with the results of Bartleson (1979),
Breneman (1987), and Fairchild (1990) who found that color constancy was
not complete for luminous colors with illuminant A adaptation.
In a companion article, Luo et al. (1991b) compared the performance of six
color models at predicting hue, lightness, and colorfulness of the LUTCHI
data. They also compared the performance of six chromatic adaptation
transforms on predicting corresponding colors for various changes in the
color of illuminants. A subset of surface colors from the LUTCHI data was
used for the chromatic adaptation comparison. In summary, they found that
the Hunt model (Hunt 1991) performed best at predicting hue, lightness, and
colorfulness while the BFD (Lam, 1985) equation was best at predicting
corresponding colors. Lam (1985) performed a similar comparison of
multiple chromatic adaptation transforms and multiple data sets. Luo et al.
included a summary of Lam's results in their article. Lam reported that the
BFD equation (Lam, 1985) was much more successful at predicting type II data
(surface colors) than type I data (luminous colors). It should be noted that
Luo et al. (1991b) and Lam (1985) did not test the performance of the various
chromatic adaptation transforms using data for luminous colors where the
potential for incomplete adaptation and incomplete color constancy is greater.
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One would expect the Hunt (1991) model to perform better with respect to the
others for luminous data.
As the above discussion indicates, there is good evidence that chromatic
adaptation to certain types of illumination is not complete, as based on the
chromaticities of achromatic colors. The sources most typically studied that
show incomplete adaptation have chromaticities approximating illuminant
A. Hunt (1991) has suggested that adaptation is only complete to an equal
energy adapting field. He based this conclusion on the results of Hunt and
Winter (1975) that were described above. Hunt and Winter (1975), Breneman
(1987), and Fairchild (1990), had observers match achromatic colors while
adapted to a self luminous field with chromaticities similar to CIE illuminant
A. In all their results, subjective achromatic colors were shifted away from
the illuminant A chromaticities in the direction of an equal energy stimulus.
Hurvich and Jameson (1951a, 1951b) and Jameson and Hurvich (1951)
reported a lengthy study of factors affecting the perception of
white'in self-
luminous fields. One important and widely quoted result of their
investigation was that observers consistently considered fields with D65
chromaticities as white at lower luminance levels than those of other color
temperatures. Furthermore, they showed that fields with color temperatures
of 2800K were not perceived as white at any luminance level tested. They
attributed this result to incomplete adaptation to the 2800K fields.
If adaptation to chromatic-large-field stimuli such as tungsten light is
insufficient to insure color constancy, other mechanisms must be present to
account for the fact that objects in this light are often reported as having
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constant color (Helson, 1938). Modern theory concerning color constancy can
be traced back to empiricist and nativist philosophy beginning in the 17th
century. Rock (1975), Gordon (1989), Jameson and Hurvich (1989), and
MacAdam (1975) have presented material on the history of theories of
perception, color constancy, and color science. In the following discussion,
quotes from authors dating prior to 1900 have been taken from these reviews.
Where possible, original references are also included.
A basic belief of empiricist philosophers was that all knowledge is derived
from prior experience. The British philosopher Hobbes discussed this point
of view in 1651:
"There is no conception in man's mind which hath not at first, totally or by
parts, been begotten upon the organs of
sense."(Hobbes, 1957, 1651 as quoted by
Rock, 1975).
George Berkeley, another empiricist, argued the point further in 1709. He
believed that complex visual perceptions such as depth, shape, and color
constancy could never directly arise from the two dimensional structure of
the retina and therefore they must be learned indirectly by association. That
is, by combinations of touch, smell, sight, and awareness of the body.
Physiological viewpoints were added to the philosophy of empiricism by
Young, Lotze, and Helmholtz in the 19th century. In 1807, Thomas Young
theorized that the retina consisted of an array of receptors sensitive to red,
green, and blue radiation. In 1852, Lotze suggested that the receptors in this
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array were totally separate from each other. He proposed that this simple
array was not capable of giving information on more complex perceptual
phenomena such as depth perception and color constancy and therefore these
must be learned. Helmholtz adopted these ideas to explain perceptual
phenomena he could not account for with simple trichromatic theory. In his
theory of 'unconscious
inference,' he suggested that the sense organs react in
a simple predictable manner to stimuli and that equal stimuli result in equal
sensation. Complex phenomena such as color constancy are the result of
automatic, unconscious interpretation of these simple sensations. These
interpretations are based on the experience of the observer.
"Colors are mainly important for us as properties of objects and as means of
identifying objects. In visual observation we constantly aim to reach a judgment
on the object colors and to eliminate differences of illumination. So, we clearly
distinguish between a white sheet of paper in weak illumination and a gray
sheet in strong illumination. We have abundant opportunity to examine the
same object colors in full sunlight, in the blue light from the clear sky, and the
reddish yellow light of the sinking sun or of candlelight not to mention the
colored reflections from surrounding objects. Seeing the same objects under these
different illuminations, we learn to get a correct idea of the object colors in spite
of difference of illumination. We learn to judge how such an objectwould look in
white light, and since our interest lies entirely in the object color, we become
unconscious of the sensations on which the judgment rests."(Helmholtz, 1962,
1866, as quoted by Jameson and Hurvich, 1989).
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The ideas of Helmholtz on perception were adopted by the popular
experimentalist (constructivist) psychology of Wundt (1907) and Titchener
(1926) in the first half of the 20th century.
Nativist philosophers like Descartes and Kant directly opposed empiricist
ideas*
. Descartes believed that perception of form, size, and color is based on
certain innately determined ideas. In his philosophy, one's own thought was
the starting point of existence. Cogito ergo sum. "I think, therefore I must
exist". Immanual Kant embellished this point over a century later (Kant,
1790, 1929). In one example, Kant refers to the perception of objects at
different locations in three dimensions. Even if it were proved that much
learning enters into our perception of spatial relations, Kant argued that one
could not say that the fundamental concept of the existence of spatial
relationships is learned. Kant believed that such abstract concepts as spatial
depth and time are not directly related to simple sensations. As a result they
could not arise completely from experience with sensory stimuli and must be
part of the innate structure of the human mind.
By the 19th century there was increasing evidence that the retina was
directly connected to specific structures related to vision in the brain. Muller
(1838) used this knowledge to support nativist theory. Muller argued that
complex perceptions are a result of the stimulation of the sense organs and
resulting complex reactions by the connected structures of the brain. As
evidence, he pointed out the fact that mechanical stimulation of the eye, as by
* Philosophers such as Kant and Descartes have been discussed many times in the literature.
Their views on perception, including quotes used above, can be found inmost introductory texts.
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pressing against it with a finger, produces the experience of light. This type of
perception is not easily explained by empiricist theory.
Hering (1920, 1964) was an important supporter of nativist theory and
directly opposed the idea of a cognitive effect on appearance as proposed by
empiricists like Helmholtz. Hering believed that lower level physiological
traits of the visual system such as adaptation and pupil changes explained
most of phenomena like color constancy. In his notes (published
posthumously) he wrote:
"...the essential means of keeping the colors of seen things approximately
constant despite changes in field illumination lies in the changes in sensitivity
of the eye in relation to the light. In this way the visual system can adapt to
every intensity (within certain limits) of the total illumination of the retina,
so that even large changes in illumination, if they do not occur too quickly,
produce only relatively small changes in the colors of
objects." (Hering, 1920, as
quoted by Jameson and Hurvich, 1989).
Hering did believe that some perceptual phenomena were affected by the
experience of the observer. These he said were due to physical changes in
central mechanisms in the visual system caused by repeated experiences. He
referred to these as "memory
colors."
"The color in which we have most consistently seen an external object is
impressed indelibly on ourmemory and becomes a fixed property of thememory
image. What the layman calls the real color of an object is a color of the object
that has become fixed, as it were, in his memory; I should like to call it the
memory color of the object.... Moreover, the memory color of the object need not
be rigorously fixed but can have a certain range of variation depending on its
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derivation.... All objects that are already known to us from experience, or that
we regard as familiar by their color, we see through the spectacles of memory
color.
"
(Hering 1920, as quoted by Jameson and Hurvich, 1989)
Hering also theorized that sensation was not a simple function of
individual retinal receptors as proposed by Helmholtz. In his opponent
theory, he suggested that the output of the retina was a function of
combinations of different receptors. In this sense, Hering was a precursor of
Gestalt psychology, promulgated by Wertheimer (1912), Kohler, and Koffka
and of modern opponent theory developed after the classic work of Hurvich
and Jameson (Jameson and Hurvich 1955, 1956; Hurvich and Jameson 1955).
The degree to which color appearance phenomena such as color constancy
are determined by sensory processes like chromatic adaptation, or by cognitive
processes that somehow account for illumination, have been studied in detail
since the time of Hering and Helmholtz. Major lines of study interested in
color constancy during the last 70 years include: experimentalism, Gestalt
theory, neurophysiology, computational vision, ecological optics, and
probabilistic functionalism. Gordan (1989) has reviewed the basis of these
theories of visual perception in detail.
Most reviews of color constancy research end with indecisive conclusions
and even the most obscure hypotheses are not ruled out. Typically the
authors end by stating that color constancy is dependent on everything from
multiple adaptation mechanisms with different time constants to complex
psychological reactions to the environment in general. One reason for this
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lack of theoretical consensus is the dependance on psychophysics for
measurements of constancy. As Hochberg (1971) pointed out, "There has yet
to be a psychophysical experiment run to investigate color constancy that has
been universally exclaimed as flawless and yielding unequivocal
results...."
Recently, Jameson and Hurvich (1989) have even inferred that 'color
constancy'has become an over used descriptor for a muddled collection of
computational methodologies, perceptual phenomena, and neurophysiology
including mechanisms for object recognition using color categories and novel
theories of adaptation level. It seems reasonable that adaptive mechanisms
in the retina and brain play an important role in color constancy but several
points remain unclear. If adaptive mechanisms are able to store an integrated
adaptation level and if this level can be used to discount illumination, why is
this not used in certain cases (chromatic luminous stimuli) and used
automatically and unconsciously in others (surfaces)?
The human visual system and the nature of visual perception has proved
to be sufficiently complex to support long term debate on even fundamental
definitions such as 'color' and questions such as "What are the fundamental
attributes of a visual
perception?"
or alternatively, "what are the stimulus
variables that give rise to certain perceptual
phenomena?" The Optical
Society of America Committee on Colorimetry reported on these issues in
depth (OSA, 1943a, 1943b). One result of their work was a discussion of the
then current thinking on stimulus attributes that affect how a colored area is
perceived and the different ways visual stimuli can be interpreted. They
referred to the different ways of interpreting stimuli as 'modes of appearance'
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using the terminology Katz coined in 1911 (Katz, 1935). Katz originally
proposed 11 modes of appearance: film, surface, volume luminosity, glow,
luster, sparkle, glitter, transparent film, transparent surface, mirror, and
illumination of empty space. Other lengthy lists were discussed by Troland
(1930), and Woodworth (1938). The OSA Committee (1943) summarized these
modes of appearance and distinguished between perceptual modes and
physical attributes of stimuli perceived in these modes. In 1953, the OSA
explained their use of the term (OSA, 1953):
"The modes of color appearance are simply the various kinds of context or
setting in which color is perceived. Any classification of these modes must be
quite arbitrary because of the infinite variety of textures and settings with
which colors are perceived in common visual experience. One could decide upon
a relatively small number of general modes or a large number of special modes,
or on a compromise classification ... which retains some advantages of both. In
any case, it is obviously impossible to list all the particular settings in which
color has been perceived. Not only would no one be interested in attempting
anything of that sort, but the term mode itself is indicative of some generality.
Interestingly enough, the investigators who have listed modes of color
appearance have not only been content with a fairly small number of general
modes, but also they have exhibited considerable
agreement." (OSA, 1953).
The OSA Committee categorized 14 attributes of visual perception under 5
modes of appearance. These are listed in table 1.1. Later, Beck (1972) reviewed
research concerning these modes and added the 15th attribute. Wallach
(1965) discussed several attributes important in differentiating between
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illumination, film, and surface modes. These are listed as the 16th and 17th
items.
The categorization of modes in table 1.1 is by the quantity perceived as
possessing color. For example, illuminant mode refers to color perceived as
belonging to a source of light while in illumination mode, color is perceived
as belonging to a distribution of light in space. In this respect, modes of
appearance are related to the CIE definitions of perceived color (CIE, 1987).
The CIE begins by defining 'object' and 'non-object' color. They state that
object colors include luminous and non-luminous (surface) color. The only
non-object color defined is aperture color or "color non-located in depth."
These three categories are analogous to the OSA categories of illuminant,
surface, and film. The CIE then includes the categories of
'related'
and
'unrelated'
color. They define related color as "color perceived to belong to
an area or object in relation to other perceived colors in the visual field."
Unrelated color is defined as "color perceived to belong to an area with
completely dark
surroundings."These terms do not imply a specific mode of
appearance but rather, an attribute of the visual field indicating whether one
or more colors are present.
There is evidence that the categories of perception defined by the OSA are
unambiguous. Martin (1922) reported that film and surface colors are
separated by a qualitative gap. Intermediate appearances exist only in the
sense of equivocal stimuli that can be seen either as a film or as a surface
depending upon an observer's attitude, or stimuli in which parts of the
stimulus look like a film and parts of of the stimulus look like a surface. This
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was also supported by Gibson, Purdy and Lawrence (1955) who could find no
evidence to support the hypothesis that certain equivocal stimuli will appear
as 'pseudo surfaces' somewhere in between illuminant and surface modes.
Stimuli may be viewed first in one mode, then in another but not in both at
once or in a mixture of the two.
A common problem of color constancy research is that of equivocal
stimuli. Beck (1972) used the term 'equivocal stimuli' to refer to stimuli that
may have ambiguous modes of appearance allowing them to be viewed in
different modes on different occasions depending on the situation. One
problem is that the results of experiments using equivocal stimuli are often
dependent on the instructions given observers. This was examined in detail
by Hochberg (1971) who cites several studies where results shifted depending
on type of instructions. More recently, Arend and Reeves, (1986) had
observers make color matches using samples presented on CRT displays.
Their experiment consisted of two parts. First, observers matched 1 square
patches in the centers of 7 adapting backgrounds using the method of
adjustment. The standard field was maintained at 6500K while the test field
was either 4000K or 10,000K. In the second part, observers used the method of
adjustment to match elements of a geometric array of colors (Mondrian). In
both parts, observers made two sets of matches. First they were instructed to
match the elements in terms of
'hue'
and
'saturation.' Second, the observers
were instructed to make the test patch "look as if it were cut from the same
piece of
paper"
as the corresponding patch in the standard.
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Table 1.1 The attributes and dimensions of perceived colors classified according to modes of
appearance. Adapted from OSA (1953) and Beck (1972).
ATTRIBUTES MODES
Illuminant Illumination Surface Volume Film
(glow) (fills space) (plane (tridimen- (aperture)
object) sional object)
IHue * * * * *
2. Saturation * * * * *
3. Brightness * * d d *
4. Lightness f * *
5. Duration * * * * *
6. Size * (*) * * (*)
7.Shape * n * * (*)
8. Location * o * * no depth
9. Texture a * *
10.Glossiness (luster) *
11.Transparency n * *
1Z Fluctuation
(flicker, sparkle, glitter}
* * *
13. Insistence b b b b b
14.Pronounceciress c c
* *
c
15.Rjoresoenoe * *
16. Flare * *
17.Shadow e e
0 Parenthesis indicate attributes that occur in a limited or indefinite manner.
a. Texture tends to produce a surface appearance rather than an appearance of a self-luminous
source. At high luminances a textured surfacemay look like a source.
b. For achromatic colors, insistence is equal to brightness.
c. Pronouncedness in the illuminant, illumination and filmmodes occur only for chromatic colors.
d. It should be noted that in the convention adopted by the Committee on Colorimetry (1953)
there is only a single dimension corresponding to luminance brightness when the color is
perceived to belong to a film or self-luminousmode and lightness when the color is perceived to
belong to an objectmode.
e. Shadows are usually perceived as located at a surface but as part of illumination. Thus
shadows aid in delineating both surface and illumination modes.
f. If one accepts that lightness can be perceived in any situation where related colors are
viewed, lightness can be an attribute of colored broad sources such as back illuminated
restaurant signs or CRT displays.
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Arend and Reeves analyzed their results by plotting the chromaticities of
the standard stimulus patches and the test matches under the various
illuminants. They noted two results important to this thesis. First, color
constancy was better for the
"paper"
matching than the "hue
/saturation"
matching in every case. Second, color constancy was better for the Mondrian
displays than the simple square images. As a further test, they repeated the
Mondrian experiment but added a 5 border that was set to simulate an
illuminated black paper. Results with the border indicated no significant
effect.
The results of Arend and Reeves are interesting for several reasons. First,
the type of instructions given the observers had a significant effect on the
results. This does not prove that instructions had an effect on color
appearance but it does show that the observers were able to judge CRT color
in two different ways. Arend and Reeves mention in their discussion that
they support Evans (1948) who suggested that the constancy of surface color is
determined by at least two different mechanisms of adaptation that are used
to account for illumination and acknowledged the importance of cognitive
phenomena such as modes of appearance. They do not propose a specific
theory for accounting for illumination but indicate that "humans can
compute approximate chromatic reflectance information ... while retaining
some illumination
information." In other words, if adaptation to
illumination is incomplete, observers use different adaptive mechanisms to
access both illumination color and surface color. Through appropriate
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processing of the two, surface color perception remains constant while
illumination color is perceived to change.
An important result of Arend and Reeves is that constancy was improved
when the type of image was changed from a simple square in an adapting
field to a more complex pattern of geometric shapes. This indicates that the
presence of additional colors enabled the observers to perform the matches as
if "cut from a single sheet of paper" better than with the simple annular
stimuli. This supports the hypothesis of those such as Beck (1972) and Evans
(1948) who insist that it is easier for observers to discern and discount
illumination when the field of view has differently colored objects. Of course
one might argue that such a conclusion is not possible because the two types
of images presented different adapting fields and one could not be sure that
adaptation remained constant.
One conclusion that can be drawn from the work of Arend and Reeves is
that CRT displays are equivocal stimuli in terms of mode of appearance.
Using the classification of table 1.1, CRTs can be seen to exhibit some
attributes of surface, and illuminant modes. A CRT image has definite hue,
saturation, brightness, duration, size, shape, and location. These are attributes
of both modes. In some cases, the CRT image can be seen to flicker and if
related colors are viewed, lightness may be perceived. These also are
attributes of both modes. Since a CRT image is created by the excitation of
phosphors and the surface is covered with a glass faceplate, little surface
texture or glossiness can be perceived. In addition, shadows from ambient
illumination do not have the same effect on a CRT color as on an actual
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surface. Often, CRTs are viewed at a sharp angle to the source of illumination
in a room but do not show the same shadow gradient one would expect from
a surface in this orientation. Therefore, three important attributes for
distinguishing surface mode from illuminant are not available: texture,
glossiness, and shadows. Lastly, faceplate flare can sometimes be perceived on
CRTs. This is an unmistakable sign of an illuminant. Flare is not very
noticeable in complex CRT images however. By exhibiting many of the
attributes common to both illuminants and surfaces, and by not exhibiting
the attributes unique to either, CRTs would seem to be very equivocal
stimuli. This assumes that a subset of attributes common to both modes can
invoke either depending on the circumstances. The results of Arend and
Reeves support this.
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1.3. Summary
It is apparent that knowledge of the colorimetry of achromatic stimuli is
important to industrial applications of color reproduction and to visual
research. Rapid technological growth and increased automation has
emphasized the immediacy of the need for color reproduction techniques.
Theoretical tools such as CIE color spaces exist for improving the performance
of color matching. Unfortunately these spaces require prior knowledge
concerning the perception of achromatic colors.
The perception of achromaticity has been found to be dependent on
sensory (adaptive) and other factors. These other factors are often described as
'cognitive' indicating their seeming dependence on the higher intellectual
processes of analysis and inference. Hunt and Winter (1975), Breneman
(1987), and Fairchild (1990) have measured the perception of achromaticity for
different adapting conditions and have found that in certain cases (tungsten),
adaptation is incomplete. Research from Katz (1935), and Helson (1938) to
Hurvich and Jameson (1990) have indicated that when adaptation is
incomplete, stimuli classified as
'surfaces'
will exhibit color constancy
regularly, while those thought to be
'luminous'
will not. The OSA
Committee on Colorimetry (1953) and Beck (1972) have classified attributes of
stimuli that invoke these modes of
appearance.'
Hochberg (1971) and Beck
(1972) discussed the problem of
'equivocal'
stimuli that because of an
insufficient number of physical attributes, can be perceived in different modes
of appearance depending on the attitude of the observer. Arend and Reeves
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(1986) found that CRT displays were equivocal in this sense and images
displayed on them were perceived differently dependent on type of image and
the instructions given the observers.
Presently, there is ample evidence that predicting what stimuli would be
perceived as achromatic in images displayed in softcopy and hardcopy
requires knowledge of both state of adaptation and mode of appearance.
Currently there is insufficient experimental data with images displayed on
these devices to arrive at a satisfactory answer. The purpose of this thesis is to
address the need for information concerning the perception of achromatic
colors in different image displays. To address this purpose, four experiments
were designed to explore the effects of viewing conditions on adaptation and
mode of appearance.
To investigate state of adaptation, images were viewed under various
adapting conditions. As Evans (1948), Bartleson (1958), and Fairchild (1990)
point out, there is reason to believe that both image and surround areas can
affect adaptation. Therefore, the color of image areas and surround were
varied independently to examine their respective effects on state of
adaptation. Adaptation is examined in experiment 1 where CRT images with
varying color balances were viewed under different colors of ambient
illumination.
Mode of appearance is affected by both the physical attributes of the stimuli
and the attitude of the observer. With color reproduction systems, the main
physical variables are: environment, type of display (CRT, hardcopy), and type
of image. A main factor affecting attitude is the task assigned to the observer.
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With this in mind, all four experiments were designed to present observers
different types of images on CRTs and hardcopy in an 'office' environment.
Each experiment, required the observers to perform a different types of color
matching task. In the following sections, the four experiments are explained
in detail.
2. Materials and Methods
2.1. Experimental Variables
The purpose of this investigation was to collect experimental data on the
colorimetric properties of perceptually achromatic colors in a desktop
environment. In a desktop environment, there are many potential variables
in the visual field that can affect color appearance. In the introduction, we
saw that how these variables influence chromatic adaptation and mode of
appearance is particularly important. The visual field in a typical desktop
environment can be divided between image areas, background, and
surround. These three areas are illustrated in figure 2.1.
As an observer scans this visual field, his state of adaptation is affected by
the various points he fixates on. If the observer constantly scans about the
entire desktop environment, state of adaptation is greatly affected by ambient
illlumination. When someone is working at a CRT display and making
comparisons to hardcopy, there may be prolonged periods where fixation is
concentrated on image areas. In this case, image areas can have a larger effect
on state of adaptation than surrounding objects. This leads us to two factors
in the visual field that are important for their effect on chromatic adaptation:
image color balance and ambient illumination color.
2. Materials and Methods 43
Surround CRT Image
CRT Image
Background
Hard Copy
Image
Hard-Copy
Image
Background
Figure 2.1, Image, background, and surround areas in a computer systemwith CRT and hardcopy
images.
In the introduction it was shown that mode of appearance (whether a
stimulus is perceived to be a surface or an illuminant) can have an effect on
how the color of that stimulus is described. Experimenters such as Arend and
Reeves (1986), showed that CRT colors can be viewed in different modes
depending on image contents and the type of instructions given the observer.
This indicates several additional variables that affect how observers report
their perception of achromatic colors: image media (hardcopy or softcopy),
image content, and the task of the observer.
The five factors in the above discussion were established as independent
variables for this investigation. They were: 1) image color balance, 2) ambient
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illumination color, 3) image media, 4) image content, and 5) observer task. A
special laboratory was designed to provide a controllable desktop
environment for investigation of these parameters.
2.2. Psychophysics Laboratory
This research was carried out at the Munsell Color Science Laboratory in
the Center for Imaging Science in the College of Graphic Arts and
Photography at the Rochester Institute of Technology. Research room 21 in
building 7B served as the psychophysics laboratory. All colorimetric and
radiometric measurements performed during this research were carried out
in this laboratory with the exception of reflectance measurements of
photographic papers which were carried out in the main Munsell laboratory,
then also in building 7B. A schematic of the research laboratory is shown in
figure 2.2. A photograph of the laboratory is included as figure 2.3.
The laboratory consisted of two rooms. The larger room was
approximately 13 feet long and 10 feet wide. The walls were painted gray on
the bottom 4 feet and white on the top. A black curtain was hung length-wise
on one side of the room behind the observer. The purpose of the black
curtain was to limit reflection from the rear wall of the laboratory off the CRT
screen. A place was prepared for an observer to be seated at a table in front of
a CRT display. Space was left on the table in front of the display for a
hardcopy image. Typical office items such as books, flowers, supplies, and
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pictures were placed about the room in the field of view of the observer. A
black shield was placed above the CRT to prevent flare from the ambient
illumination. This shield was shaped so that its shadow fell only on the
faceplate of the CRT and not on the table. Furthermore, the shield was not in
the field of view of the observers unless they looked up.
The larger of the two rooms had two separate illumination systems built
into the ceiling. One consisted of 4, 100W tungsten bulbs behind glass
diffusers; the other was a fluorescent fixture 48 inches long and capable of
holding 4 tubes. The fluorescent fixture was directly above the table and was
capable of providing various types of fluorescent illumination. The spectral
and colorimetric quality of the laboratory sources is discussed below.
The smaller room directly adjacent to the main laboratory space was used
as a computer control room. From this room, the experimenter was able to
operate the computer system and monitor the observer during the
experiment without distracting him. Illumination in this room was limited
to the computer desk area and was not directly visible to the observer.
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Figure 2.2, Diagram of the psychophysics laboratory setup in room R21, building 7B (not to
scale).
2. Materials and Methods 47
Figure 2.3, Photograph of the psychophysics laboratory, room R21, building 7B (CRT flare
shield not shown).
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2.3. Computer System and Instrumentation
The equipment used in this research consisted mainly of a computer
graphics system and measurement instrumentation. The major
components are illustrated in figure 2.4. From the computer control room,
the experimenter was able to generate test images on the display monitor and
collect response data via a mouse operated by the observer. It was also
possible to control radiometric and colorimetric measurements of the display
and room illumination performed during testing and calibration. The CRT
used throughout this research for stimulus generation was a Tektronix 690SR
Color Television Monitor. It was run in RGB mode with 8 bits per pixel of
color resolution and 512x512 pixels of spatial resolution from the graphic
display controller. Further information on the instrumentation and
computer system used in this research is provided in the appendices.
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Figure 2.4,Computer system components and connected instrumentation.
2.4. Measurement of Laboratory Illumination
2.4.1. Measurement of Source Spectral Radiance
A Photo Research PR703A 256 channel array spectroradiometer (PR) was
used to perform spectral radiance measurements of a disk of compressed
polytetrafluoroethylene (PTFE) powder. The disk was placed at desk level and
irradiated by the two sources used in this research: tungsten (T) and daylight
fluorescent (D). The PR and its calibration has been discussed in detail by
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Daoust (1987). The data were collected in 2 nm intervals from 390 nm to 730
nm. A set of 5 measurements were averaged to arrive at the final result. The
PR and light sources were allowed to warm up for 3 hours before beginning
the measurements. This practice was continued throughout the research.
The spectral radiance distributions for the tungsten and daylight fluorescent
sources are plotted in figure 2.5. Note that the spectral radiance of the
tungsten source is uncharacteristically noisy. This spiked noise is typical
when array detectors are used in a humid environment. This may indicate
that the PR703 needed a change of internal desiccant for better operation
under laboratory conditions. Since this type of maintenance requires an
extended dry-heat treatment of the PR703 components, the spiked noise was
ignored for this research to save time and expense.
2.4.2. Method of Tristimulus Integration
To prepare for determination of CIE tristimulus values, the 2 nm data
collected with the PR was interpolated to 1 nm using cubic splines. This 1 nm
data was used to determine CIE 1931 tristimulus values and chromaticity
coordinates and CIE 1976 u'y chromaticity coordinates.
2. Materials and Methods 51
2.4.3. Colorimetric Data For Laboratory Sources
Table 2.1 lists colorimetric data for the laboratory sources determined from
the PR data as described above. The values listed represent an average of 5
readings performed over the course of 1 hour.
2.4.4. Source Warm-up and Stability
To ensure maximum stability, a minimum warm-up period of three
hours was allowed for the fluorescent and tungsten sources before beginning
measurements or visual experiments. The measurements discussed above
were performed at the beginning of the research. To check long term
variation, they were repeated each week for each of the 4 weeks of
psychophysics testing. For the daylight-fluorescent source, the standard
deviations were 0.0055 and 0.0083 respectively for
u'
and v'. Values of 0.0045
and 0.0051 were determined for the tungsten illumination. It should be noted
that the psychophysics laboratory was not maintained at a constant
temperature and humidity during the research and this was attributed as a
possible source of variability in both illumination and measurement. As an
additional check on the variability of ambient illumination separated from
that of the PR, the MCSL LMT CI200 colorimeter (LMT) was used to perform
repeated measurements of CIE 1931 chromaticity x and y and luminance Y
(cd/m2) at desk level for the two sources. This device has been previously
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shown to be extremely stable (Gorzynski, 1990). Sets of 30 readings were
collected once a week for the 4 week research period. The x,y data was
transformed to u',v' and descriptive statistics determined. The data for
tungsten and daylight-fluorescent are compared in table 2.11.
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Figure 2.5, Spectral power distributions for research laboratory sources.
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Table 2.1, Colorimetric data for laboratory sources determined from PR spectral data, 2
observer.
Source X Y
(cd/m2)
Z X y z vt
v'
Tungsten 101.3 91.2 27.6 0.4601 0.4143 0.1256 0.2610 0.5288
DF 102.0 109.5 107.0 0.3202 0.3438 0.3360 0.1975 0.4771
Table 2.2, Comparison of laboratory source colorimetry determined with LMT and PR .
Source
PR
s(u')
PR
u'
LMT
s(u')
IMT
V*
PR
s(v')
PR
V'
LMT
s(v')
IMT
Tungsten 0.2610 0.0045 0.2590 0.0013 0.5288 0.0051 0.5298 0.0027
DF 0.1975 0.0055 0.1948 0.0021 0.4771 0.0083 0.4641 0.0034
Most importantly, the LMT data in table 2.2 show that the laboratory
sources remained sufficiently stable in chromaticity throughout the research.
The standard deviations shown above, being all below 0.0035, are lower than
those noted for the 690SR CRT. As one would expect, the LMT mean values
for u', and
v' differ from those of the PR. The PR values were used for
consistency with hardcopy colorimetry. Hardcopy colorimetry is discussed in
section 2.9.
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2.4.5. Luminance Matching Between Sources
In order to compare the effects of variations in color of ambient
illumination during soft-copy viewing, it was necessary to maintain these
sources at equal luminance. An attempt was made to make the two sources
as equal as possible in terms of the luminance of an image placed on the desk
top. To achieve this, a metal screen was positioned in front of the daylight-
fluorescent tubes to lower their luminance. The resultant luminance of PTFE
at desk level for the two sources was 91.2 cd/m2 for tungsten and 109.6 cd/m2
for daylight-fluorescent.
2.5. CRT ColorModeling
The basic operation of the computer graphics system used in this research
was the generation of an analog video signal from digital information stored
in the computer system. This video signal was connected to the 690SR
television monitor that created the experimental images. Before the system
could be used in visual experiments, it was necessary to control the
generation of the signal and predict the colorimetric properties of the final
images. In other words, establishing control over the physical properties of
the display was preliminary to investigating its psychophysical ramifications.
An important aspect of this research was the comparison of results
obtained with the self-luminous CRT display to those obtained with
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hardcopy. As such, it was necessary to establish absolute colorimetry for both.
In this section, a brief outline of the basic methods used for absolute CRT
colorimetry will be presented.
2.5.1. Nonlinear Screen Radiance Model
In CRT colorimetry, it is important to be able to predict the colorimetric
properties of the CRT display based upon control (input) parameters. In this
research, the objective was to predict the CIE 1931 tristimulus values of screen
colors based upon digital values submitted to the graphic display controller
via color look-up tables (DAC values)*. Much has been written in the past
concerning the CRT image formation process and various methods for
relating DAC values with colorimetric specification of image color (Cowan,
1983ab, 1986), (Motta, 1991). Various criteria for choosing a particular method
have been discussed by Cowan (1983c, 1987).
The model used in this research has two major components. The first is a
nonlinear equation that relates input DAC values to predicted screen
radiance. The second part is a linear transform between the predicted screen
radiances of each of the three phosphors and absolute CIE 1931 tristimulus
values. This linear transform is a combination of standard additive
colorimetry and a linear statistical model.
*
Integers converted to analog video voltages by a Graphic Display Controller are referred to in
this report as DAC values (digital-to-analog converter values.) Other authors have referred
to these values as digital counts, LUT values, index values, etc., etc., ....
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The relationship between input DAC values and relative screen radiance
has been the subject of a previous investigation at the MCSL. Motta has
characterized the CRT image formation process and has recommended the
use of a nonlinear power function to describe the relationship between
applied video voltage and resultant screen radiance (Motta, 1991). The
general form of the model he suggests is outlined below.
The energy emitted by the red, green, and blue phosphors of a CRT can be
measured in different radiometric or photometric units. When radiometric
or photometric quantities are normalized to some reference level, the values
become unitless and can be used as tristimulus values. In this investigation,
phosphor tristimulus values R, G, B were determined by normalizing the
radiance of the three phosphors LR, LG, LB to reference values defined as the
radiances at maximum output LR_MAX' Lq-max' ^b-MAX as snown m equations
2.1-2.3.
(2.1)R =
Lr
Lr-MAX
G =
LG
LG-MAX
B =
^
(2.2)
(2.3)
LfJ-MAX
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The relationships between normalized phosphor radiance (tristimulus
values R, G, B) and DAC values (dR, dc and dB) are shown in equations 2.4-
2.6. In these equations, Kl7 K2, and yare gain, offset, and gamma-exponent
constants. N is the number of bits used to generate the video signals in the
digital-to-analog conversion process (8 for the system used here).
R =
Tfc
Kn + K,W2R T 1R N
2 -1
(2.4)
G =
If*
K2G + ^G N
2 -1
B =
1%
K + KW2B T IB N
6
(2.5)
(2.6)
Equations 2.4-2.6 are similar to the power functions commonly discussed
in computer graphics literature for gamma correction, the main difference
being the added Kj and K2 terms representing pre-cathode CRT circuitry. To
make things simple, equations 2.4-2.6 will be referred to as the "gain-offset-
gamma"
or "GOG model" due to its use of gain and offset terms (Kl7 K2), and
the gamma (y) power constant.
Notice that equations 2.4-2.6 have only one independent variable d.
The relatively simple form of these equations is the result of requiring the
following set of assumptions:
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linear GDC-DAC,
zero ambient flare,
zero face-plate internal reflection,
spatial independence ,
channel independence,
spatial uniformity,
phosphor constancy, and
temporal stability.
The first assumption is generally true to a sufficient degree for most video
signal generators so as not to affect the performance of the model. The
remaining six are highly dependent upon the type of CRT used.
Although equations 2.4-2.6 have a predominantly physical basis, it is
difficult to determine their constant parameters directly. Because each
equation has only three unknowns, it is straight forward to predict their
values statistically with as few as three measurements. The results of the
optimization are then dependent upon the quality of the measured data set.
The basic method used to determine the parameters was to measure a set of
CRT colors with known luminances R, G, and B and known DAC values dr,
dg, and db and then to statistically optimize the parameters based upon this
data set.
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2.5.2. Linear Transformation of Tristimulus Values
Although tristimulus values R, G, and B do specify a CRT color uniquely,
they do so with respect to one particular set of primaries, the CRT phosphors
currently in use. For purposes of clear communication and device-
independent color modeling, it is advantageous to specify image color in
terms of a more standard set of primaries. The set of primaries used in this
research were standardized by the CIE in 1931 with tristimulus values
specified by the symbols X,Y,Z (CIE, 1986).
The transition from one set of basis primaries to another may be
accomplished by three linear equations shown in equations 2.7-2.9. In
equations 2.7-2.9, (XR, XG, XB), (YR, YG, YB), and (ZR, ZB, ZG) are the CIE
tristimulus values of the red, green and blue phosphors at maximum output
either in absolute terms or normalized to white. In this research, tristimulus
Y was absolute luminance (cd/m2).
X = RXR + GXG +BXB (2.7)
Y = RYR + GYG +BYB (2.8)
Z = RZR + GZG +BZg (2.9)
This type of analysis has been presented many times in the past including
by Sproson who gives a detailed discussion directly relating to CRT
colorimetry (Sproson, 1983). The validity of equations 2.7-2.9 depend on the
assumption of phosphor constancy, which states that the relative spectral
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power distribution of a phosphor remains constant regardless of the level of
excitation. This assumption is important because, in equations 2.7-2.9, the
spectral power of the three phosphors at maximum output is scaled for
calculations at lower levels. Equations 2.7-2.9 also depend on the accuracy of
the predictions of R, G, and B. This tends to be the largest source of error in
most cases rather than the linear transformation matrix.
2.5.3. Statistical Improvement of Theoretical Model
Equations 2.1-2.9 provide a simple means for predicting CRT colorimetry
based upon the physical properties of the display. By using a highly stable
CRT the fundamental model assumptions were satisfied to a degree sufficient
to produce encouraging results. There were several sources of error and these
are discussed below.
For this research, two areas of the CRT gamut were employed. The test
image background was maintained at approximately 100 cd/m2. The test grid
colors were mostly near gray at 20 cd/m2. High beam currents such as those
used for the background are more likely to stress the monitor circuits and
shadow mask. These cause the assumptions for equation 2.4-2.6 to begin to
break down. This type of error often increases non-linearly with increasing
beam currents but is linear in a small portion of color space. A second major
source of error is screen non-uniformity. Broadcast monitors such as the
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690SR were designed to be uniform in the central 70% of the screen. This
monitor suffers from 5 to 15% drop-off in luminance at the edges.
Errors due to model breakdown were handled in two ways. First, since the
test colors were from a relatively small area of color space, a linear model was
used to correct them. Having a model was important for the test colors
because many had to be generated quickly and there was no way of knowing
in advance what chromaticites had to be generated. Second, only two
background colors were required throughout the research. These were
corrected iteratively. The screen non-uniformity problem was addressed by
only using the central 60% of the screen to display test images.
For the linear correction, a simple linear regression was used as the
method to estimate the values of (XR, XG, XB), (YR, YG, YB), and (ZR, ZB, ZG) of
equations 2.7-2.9. This regression had the effect of 'adjusting' the theoretical
values for the models inability to account for stresses in the monitor. The
regression model used was of the same form as equations 2.7-2.9. Intercept
terms were tested but not found to be significant.
To select the proper background colors, the above model was used to
display as close to a correct color as possible. A mouse was then used to adjust
the levels of the CRT guns to the correct chromaticity as measured with an
LMT C1200 colorimeter. The DAC values that produced the correct colors
were recorded at the beginning of the research for use later. Using this
method, short-term uncertainty (several minutes) in background
chromaticity was 0.0005 in
u'
and
v'
at screen center and 0.001 over the screen
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area of interest. Model performance and long-term monitor stability and
noise are discussed below
2.5.4. Model Performance
The parameters of equations 2.4-2.9 were re-estimated each week during
the four weeks of visual testing. This was accomplished by performing
computer controlled measurements during the weekends followed by
statistical analysis at the beginning of each week. When collecting data for
parameter estimation, the LMT colorimeter was fixed in position at the center
of the CRT screen. During the four weeks of psychophysical testing, the
parameters of the CRT model were re-estimated four times and were found to
remain stable.
To monitor model performance during visual testing, a set of standard
colors were measured at the beginning of each day. These colors were
displayed and measured at various positions on the CRT screen and included
several grays, and both background whites. Throughout the experiments, the
mean residual colorimetric error for grays for all screen positions was a
maximum of 0.003 in both
u'
and
v' from the predicted values with standard
deviations less than 0.003 also. There was no systematic shift in the
chromaticites of the background whites during the four weeks of testing but
there was noise. Many factors influenced the magnitude of noise in white
chromaticity. These include warmup time, time since image change, and
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image type. The 690SR was allowed a minimum of three hours of warmup
time throughout the research. When the 690SR is used warm with similar,
stable images, long term variance (days or weeks) is only slightly larger than
short term. In this case, one can assume safely that white point chromaticity
was also within 0.003 in u' and v' as was the case for the grays.
To illustrate the performance of the predictions of CRT colorimetry, a set
of 1,241 colors were measured on the 690SR using the LMT. A subset of 512 of
these were used as a regression data set to estimate the 9 transformation
matrix elements. The remaining 729 colors were used to test the model
performance. The results obtained using the regressed matrix are compared
in figure 2.6 with those obtained using the phosphor tristimulus values
(theoretical matrix). Color differences between measured and predicted were
typically smallest for grays of medium luminance.
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Figure 2.6, Comparison of regression and theoretical CRTmodel predictions. Themean and
standard deviations reported are in CIELAB color difference units.
2.6. Preparation ofHardcopy Test Images
2.6.1. Description ofHardcopyTest Images
Twelve hardcopy plates were created. The plates consisted of a grid of 16
near-gray photographic papers fixed to a white card as illustrated in figure 2.7.
The plates were square, measuring 22 cm. on a side. Each element was 2.0 cm
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square and was separated from the other elements by 2.0 cm. For reference,
the elements were referred to by integers between 1 and 16. The assigned
numbers started with the upper left corner and are are shown in the figure.
The 16 gray squares on each plate were selected so that their average
tristimulus values would match in chromaticity to the white background to
within 0.01 in u' and v'. The luminance factor of the squares was 0.2 with
respect to the white background. This image is identical to the CRT grid
image except that 9 fewer squares are used.
2.6.2. Creation of Near Gray Paper Set
To create a set of near gray papers, a mask was created that allowed 30, 2.5
cm square areas to be photographically exposed, one at a time, on a single 8 by
10 sheet of color photographic paper. A color photographic enlarger was used
to produce controlled adjustment of the exposures. One thousand exposures
were made. For each exposure, the cyan, yellow, and magenta filtration was
varied. It was desired to produce samples with a relatively constant
luminance factor, (0.2). To achieve this, the enlarger aperture was adjusted
until a preselected illuminance was measured at the exposure easel. Exposure
time was also held constant.
2. Materials and Methods 66
1 5 13
2 ill:? \Q SB
3 11 1 15 |
a ' 16
Figure 2.7, Schematic of a hardcopy plate.
After chemical processing, the squares were cut from the sheets and
visually sorted in the research laboratory under the two sources to be used for
the visual experiments. A sample was accepted if it appeared to be
approximately gray under either of the sources. After 2 sorting sessions, 316
samples were selected for the near-gray set.
2.6.3. Colorimetric Measurement of Near Gray Paper Set
Measurements of spectral reflectance factor of all 316 near-gray
photographic papers were made using a Milton Roy ColorScan d/0
spectrophotometer. Measurements were made in a circular area 7 mm in
diameter. The instrument was calibrated before use and after every 30
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minutes using polytetrafluroethylene (PTFE). PTFE standards were prepared
as specified by Weidner et al. (1985). Reflectance factor was measured every 10
nm between 390 and 730 nm. The spectral reflectance factor distributions of
several of these papers are shown in figure 2.8.
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Figure 2.8, Spectral reflectance factor of several near gray photographic papers.
The absolute source data, collected at 2 nm intervals, were interpolated to
1 nm using cubic splines. The resultant 1 nm source data was
used to
determine a set of 10 nm tristimulus weights for the
2 observer using the
2. Materials and Methods 68
method outlined by Fairman (1985). This set of weights and the reflectance
measurements were used to determine tristimulus values of the complete
near-gray set along with those of the white surround and gray mask. Data for
the white background are listed in table 2.3. The units of tristimulus Y are
luminance, cd/m2. Its spectral reflectance curve is shown in figure 2.9. The
distribution of the complete set in CIE 1976 u',
v' is shown in figure 2.10. The
distribution of CIE lightness (L*) of the grays is plotted in figure 2.11.
Both the white background and several of the photographic papers were
checked for fluorescence by comparing the reflectance of grays measured with
polychromatic illumination with that measured with monochromatic
illumination. A Diano Match Scan H spectrophotometer was used for these
measurements. Less than 1% difference in reflectance was noticed between
the data obtained with polychromatic and monochromatic illumination.
This was not considered significant for the type of laboratory illumination
used.
Table 23. Colorimetric data for hardcopy white background.
X Y
(cd/m2)
Z X y z vc
v'
Tungsten 88.33 79.20 22.67 0.4644 0.4164 0.1192 0.2628 0.5302
Daylight 87.73 94.79 86.56 0.3260 0.3523 0.3217 0.1983 0.4822
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2.6.4. Color Space Sampling of Test Images
Twelve hardcopy grid images were created from the set of 316 gray papers.
Each image used 16 papers in a 4 x 4 grid as was shown in figure 2.7. Two
factors were important to the selection of the colors for each image. First, the
sampling should produce a satisfactory gray on each plate. Second, the color
of the grid elements should integrate to the chromaticity of the background.
This would help control adaptation. The following method was used to select
the colors for each grid image.
380 420 460 500 540 580 620 660 700 740
Wavelength (nm)
Figure 2.9, Spectral reflectance of white background used tomount near gray grids.
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0.15 0.20 0.25 0.30
U'
Figure 2.10, CIE 1976
u',v'
of 316 near-gray photographic papers under daylight-fluorescent,
cool-white fluorescent, and tungsten illumination. The larger open circles are the illuminant
points.
The entire set of 316 papers was arranged in two dimensions by u' and v'
on a large white surface under cool-white fluorescent illumination. The
paper that had the same chromaticities as the white background was used as
the center for sampling. Sets of 16 papers were selected from the set so that
their chromaticities would average to those of the white background. The
samples were also chosen to sample the entire set equally, centered on the
white point so that the entire image would integrate to the chromaticities of
the background. No two sets of 16 samples were exactly alike.
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Figure 2.11, CIE lightness (L*) of near-gray photographic papers under tungsten illumination.
The tristimulus values of the white background were used as the reference white.
2.7. Specification of Test Image Colorimetry
After the type of test image and psychophysical methods were established,
the colorimetric values for image color balance needed to be specified exactly.
In experiments 1, 2, and 3, simple images were used. Here, color balance was
defined as the chromaticity of the adapting background. A complex scene was
used in experiment 4 and color balance was defined as the integrated
chromaticity of the entire image. For consistency with control over
adaptation, it was decided that CRT image balance should be an absolute
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colorimetric match to hardcopy image balance. The chromaticities of
hardcopy background were listed in table 2.3. These values were used
throughout the research.
2.8. Outline of Experiments
Four experiments were performed as part of this research. Between
experiments, the media type and image content were varied. Within each
experiment, the image color balance and ambient illumination color were
varied. Other potentially influential factors in the environment including:
image size, angle of view, image luminance, ambient illumination
luminance, and the arrangement of objects in the surround, were held
constant.
To keep the investigation within time constraints, the number of levels of
the experimental variables was limited to two or three. Choice of ambient
illumination color was limited by the availability of light sources. It was
decided to use tungsten bulbs and Macbeth 6500K daylight fluorescent tubes
for ambient illumination since these were available in the lab, and since these
were representative of traditional experimental sources (D65 and A). For
simplicity, chromaticities of image color balance were selected to be the same
as those of ambient illumination. Two types of experimental images were
used. The first consisted of a simple grid of squares on a uniform background.
The second was a photograph of a still life with flowers, fruit, and other
familiar objects.
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The breakdown of factors and levels for the four experiments are shown
in tables 2.4-2.7. In the rest of this thesis, the four experiments will be referred
to by number as experiments 1 through 4. The laboratory and test images are
described in detail below.
Table 2.4, Factors and levels for Experiment 1, CRTWith Grid Image.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten,
none
image content constant simple grid
media type constant CRT
observer task constant forced-choice
subjective judgement
Table 2.5, Factors and levels for Experiment 2, HardcopyWith Grid Image.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten
image content constant simple grid
media type constant hard copy
observer task constant forced-choice
subjective judgement
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Table 2.6, Factors and levels for Experiment 3, CRT-HardcopyMatchingWith Grid Image.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten
image content constant simple grid
media type constant CRT and hardcopy
observer task constant forced-choice match of
CRT color to hardcopy
standard
Table 2.7, Factors and levels for Experiment 4, CRT-Hardcopy Matching With Pictorial Image.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten
image content constant pictorial scene
media type constant CRT and hardcopy
observer task constant method-of-adjustment
match of CRT color to
hardcopy standard
2.8.1. Choice ofMethods
In the introduction it was shown that adaptation and mode of appearance
were both important to the perception of achromatic colors. To evaluate
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mode of appearance, it was important to be able to hold adaptation constant.
Constant adaptation was also important if repeat trials were to be performed.
Many techniques have been used in the past to maintain constant adaptation.
Perhaps the most common method is to interleave standard and test fields
with a frequency and duration sufficient to insure constant adaptation to the
standard field. In one investigation for example, Breneman interleaved a 9
second adapting field with a 1 second test field (Breneman, 1957). Similarly,
Bartleson suggested that interleaving a standard complex adapting image
with test images could help control adaptation (Bartleson, 1962). This method
is typically used in experiments where one test stimulus is examined at a
time, for example with the method of adjustments. Temporal control also
requires some means for rapid image change.
Another method is to provide spatial rather than temporal control. That
is, test patches are arranged separately in a uniform adapting field. By shifting
focus from one test patch to another, an observer is assumed to spend
sufficient time focused on the adapting field to insure constant adaptation.
This method assumes that the observer constantly scans from one test patch
to another. This technique also precludes that multiple stimuli are presented
to the observer together. For example Seim and Richter (1987) used this
technique to perform a color scaling experiment where stimuli were
presented as circles, three at a time on a uniform gray background.
In this research, the psychophysical method used had to be repeatable in
softcopy and hardcopy. An important goal of this work was to examine the
cognitive differences between hardcopy and softcopy viewing in a normal
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environment. Therefore it was important that any hardcopy images used be
normal in the sense that they were flat and could be held in the hand. For
experiments where many samples had to be judged, it was easier to create
hardcopy images with multiple test stimuli than to adjust the color of a single
patch. For all these reasons, the spatial method of adaptation control was
chosen.
A method was devised where an observer was shown images consisting of
a grid of colored squares on an adapting background. An illustration of the
grid used as the CRT image in experiments 1 and 3 is shown in figure 2.12.
On the CRT, the 25 grid elements were displayed in a uniform field. The
background was white and each square had a constant luminance factor of 0.2.
Each square element measured approximately 2 cm. on a side and was
separated from its neighbors by the same distance. The images were a
distance of 61 cm. from the observer and so each grid element subtended 1.9
degrees. The color of each grid element as well as that of the background
could be controlled separately via look-up-tables in the computer. The
hardcopy grids used in experiment 2 were the same size as the CRT grids. The
CIE 1976 u',v' space was used to specify the color of all images used in this
research.
These grid images were used in experiments 1, 2, and 3. For each grid
viewed, the observer was instructed to indicate which element best satisfied
the criterion of a match established by the experimenter. These instructions
were given to the observers verbally and are explained in more detail in the
sections on each experiment later in this thesis. In experiments 1 and 2, the
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standard to be matched was a subjective achromatic. In experiment 3, a
hardcopy standard was used. Using a hardcopy standard in experiment 3
required successive observation between the standard and the grid.
To insure adaptation to the background field, grid elements were separated
from each other allowing the background to show through. If the grid
elements were large with respect to the spaces separating them, it may have
been necessary to insure that their chromaticities averaged at or near the
chromaticity of the background. It will be shown later that eye motion by the
observers about the grid image was sufficient to insure that they remained
adapted solely to the background. This enabled the grid image color balance
to be defined as the chromaticities of the background.
2.8.2. Color Space Sampling
Like the method of constant stimuli, the grid method used required the
specification of an area of color space to be sampled. The objective of these
experiments was to determine the chromaticities of a match between
elements in the test grid and a standard. The factor level effects were expected
to be large so that it was not important to determine a threshold about match
points to a high degree of certainty. Two methods of sampling were tested:
random and vector sampling. These methods were tested by performing the
pilot tests described below.
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Figure 2.12, Schematic of a CRT grid image.
2.8.2.1. Random Sampling
The first method tested used random sampling of chromaticity space. In
this method, 5 test images were constructed from sets of 100 colors. The 100
colors were randomly chosen from a rectangular area of color space.
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Observers chose the most achromatic sample in each of the 5 images. The
average and standard deviations of the chromaticities of the chosen samples
were determined and used to decide upon a new area of color space to sample.
The process would begin by choosing a large rectangular area of color space
thought to contain the achromatic point. After 5 judgements using random
points from this rectangle, a new rectangle was chosen. The new rectangle
was centered on the mean of the previous 5 chosen samples and had sides
with lengths that were 10 times the magnitude of the standard deviations
from the previous 5 samples. For example, the first rectangle might be
centered at u'=0.3, v'=0.3 and the sides of the rectangle were 0.2 in
u'
and v'.
Five images would be constructed from points randomly chosen from this
rectangle. Then 5 judgements would be performed. If the mean of the
samples chosen was u'=0.4, v'=0.3 and the standard deviations from these
means were 0.01 for both. The second rectangle would then be centered at
u'=0.4, v'=0.3 and would have sides that were (10)*(0.01) = 0.1 wide in
u'
and
v'. The process of choosing a rectangle and making judgements would
continue until the means and standard deviations were stable.
Three observers performed a pilot test of random color space sampling
with the grids images. Each observer sat for three separate sessions. In each
session, one chromaticity of ambient illumination and two chromaticities of
CRT background were employed. The total number of factor level
combinations used was 6. These are listed in table 2.8.
In a typical session, an observer was seated at a table in front of the 690SR
CRT. The screen of the CRT was 61 cm from the edge of the table and thus
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each element in the CRT image subtended 1.9 degrees. At the beginning of
each session, the observer was given the following instructions verbally.
You will be shown a series of images consisting of grids of colored squares
on the monitor in front of you. Your task is to examine each image and
decide which grid element in the image appears most achromatic in color. In
other words, which square has the least amount of red, green, yellow, blue, or
other hue content. You may take as long as you like to examine a particular
image however you should remember to avoid staring at a single grid
element for more than an instant. When you have decided which square
appears most achromatic, you should indicate your choice and move on to
the next image. You can indicate your choice by clicking the left mouse
button once after you have positioned the cross-hairs cursor over the square
of your choice.
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Table 2.8, Factors and levels for test of random color space sampling. (T=tungsten, D=daylight-
fluorescent).
Session Treatment Ambient
Chromaticity
Hardcopy
Background
Chromaticity
Replicates
1 1 none T 5
1 2 none D 5
2 3 T T 5
2 4 T D 5
3 5 D T 5
3 6 D T 5
2.8.2.1.1. Results of random sampling test
Analysis of the results of this pilot test were based upon several factors.
First it was required that the state of chromatic adaptation in the absence of
ambient illumination should be determined by test CRT image background
alone and not by any of the grid elements. Second, the pilot had to produce
results with a relatively low level of noise. In this case precision was thought
to be set by CRT colorimetry with a lower limit of approximately 0.005 in
u'
and v*.
To provide a comparison for judging state of adaptation, the results
obtained by Fairchild (1990) were used. As a part of his experiment, Fairchild
had three observers form subjective neutrals while adapted to fields with
daylight and tungsten chromaticities. In his experiment, he used the method
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of adjustment with test stimuli generated on a CRT. His results for
observations by the three observers are summarized in table 2.9. These data
are means with n=7xl6x3 for tungsten and n=5xl6x3 for daylight (Fairchild,
1990, page 161, table E-l).
Table 2.9, Means and standard deviations of subjective neutrals formed by three observers while
adapted to daylight (D65) and tungsten (A) fields. (Results of Fairchild, 1990, page 161, table
E-l).
Ambient Color u' s(u') v' s(v')
A 0.2257 0.0065 0.5001 0.0061
D65 0.1958 0.0032 0.4609 0.0035
The pilot results are summarized in table 2.10 and are plotted in CIE u',v'
space in figure 2.13. Using the random sampling technique, these results
indicate that the three pilot observers chose achromatic points substantially
different than those of Fairchild. With no ambient illumination, the results
shown in figure 2.13 indicate a definite negative shift in u' from those of
Fairchild. In the tungsten case, the approximate
u' difference is -0.02. In the
daylight case, it is at least -0.02 or less (more negative) for both
u'
and v'.
Even considering experimental differences and a conservative estimate of
colorimetric uncertainty of 0.005, these values show a significant difference.
This could mean several things. First, the observers could have been adapting
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to grid elements and surround in addition to image background. Second, the
sampling technique used may have failed to yield the satisfactory achromatic
points. Also, the chromaticities of the 2700K and 6000K adapting backgrounds
used in this research were not exactly the same as the D65 and A
chromaticities used by Fairchild. The chromaticities used in this research
were shown in table 2.3.
Table 2.10, Results of test of random sampling. Means and standard deviations of 5 observations
of neutral in CRT grid images by three observers using randommethod. (N=none, T=tungsten,
D=daylight-fluorescent.)
Observer Ambient
Color
CRTColor
Balance
u'
s(u')
v'
s(v')
JP N T 0.2082 0.0086 0.5098 0.0068
LY N T 0.2036 0.0061 0.4962 0.0050
MEG N T 0.2047 0.0081 0.4992 0.0054
JP N DF 0.1752 0.0023 0.4522 0.0023
LY N DF 0.1781 0.0020 0.4550 0.0050
MEG N DF 0.1689 0.0072 0.4191 0.0058
JP T T 0.2118 0.0049 0.5115 0.0052
LY T T 0.2026 0.0061 0.4852 0.0061
JP T D 0.1707 0.0069 0.4438 0.0119
LY T D 0.1699 0.0021 0.4298 0.0083
JP D T 0.2021 0.0068 0.4984 0.0097
LY D T 0.1949 0.0041 0.4811 0.0078
JP D D 0.1697 0.0031 0.4372 0.0052
LY D D 0.1720 0.0048 0.4332 0.0078
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The observers were asked if they were satisfied with their matches. Most
of the observers responded that they could not find an element in a majority
of the test grids that was exactly achromatic and so they always chose the
closest one. Usually, the observers perceived their final matches as having
blue hue content. It doesn't seem that adaptation to the grid elements
explains the differences between these results and those of Fairchild. In the
results of Hunt and Winter (1975), adaptation to fields with color
temperatures higher than 6500K resulted in achromatic choices shifted
toward lower color temperatures. In this research, the achromatic choices
made when the CRT background was 6000K were higher in color
temperature. The random selection of grid elements could not have
produced a high enough color temperature to yield these results.
Also, the differences between the chromaticities of the adapting fields of
Fairchild and this research were smaller than the differences in the results.
The differences in the results were minimally 0.02 in
u'
and v'. The
maximum difference in the adapting fields was 0.01 in
v' for the daylight.
The average difference between the adapting fields was 0.0068 in
u'
and v'.
If the adapting fields were sufficiently similar and adaptation was
controlled by the CRT image backgrounds, the difference in the results is most
likely due to a failure in the random sampling technique. It is not apparent
what this failure is especially considering the small standard deviations listed
in table 2.10. If observers were more tolerant of bluish near neutrals, the
mean results for widely-spaced sampling may have been shifted to higher
color temperatures. If the sampling rectangle was then made very much
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smaller right away, there may never have been a chance for the random
selection process to ever produce an exact achromatic point. Bartleson (1958)
noticed that quality tolerances for off-balance color prints were larger in the
blue direction than in the red, green, or yellow. It cannot be ascertained from
these results whether the perceptual threshold for an exact achromatic match
would be greater in the blue direction than others.
0.50 - 4P
0D ^f
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2700K
V
0.45 .
*
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6000K
0.40 -
0.15 020 0.25 0.30
+ Results of Fairchild
(1990)
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D T,T
TJ3
A DJ
A UD
N = No Ambient Illumination
T = Tungsten Illumination
D = Daylight Fluorescent Illumination
The first letter In the legend is the
color of the color of ambient
illumination. The second letter Is the
color of CRT background
Figure 2.13, Results of random sampling pilot. Mean CIE 1976
u',v'
of 5 observations of neutral in
CRT grid images by three observers using randommethod.
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2.8.2.2. Vector Sampling
After the pilot test of random color space sampling, it was clear that an
improvement was needed. A vector sampling method was developed that
allowed observers to narrow in on an achromatic match more efficiently. In
this method, the colors in a test image were sampled along one of four
vectors in u',v' space rather than randomly. After performing repeated
matches with images formed from colored samples with chromaticities along
the four vectors, the results were averaged. The average results were used to
select new vectors, or if no improvement was expected, the experiment with a
particular treatment would end. The four vectors are illustrated in figure
2.14.
The advantage of the vector method over the random method was that
systematic sampling along lines in
u',v'
space resulted in test images that
varied in chromaticity regularly along one line. This allowed the observers to
make systematic adjustments to their choices rather than making multiple
choices from random sets of points.
The vector method started by selecting a color center randomly from the
interval: 0.15 < u' < 0.30, and 0.40 <
v'
< 0.55. The size of a chromaticity
difference between samples along a vector was started as 0.05 in
u'
and v'.
Four groups of 25 sample points were selected along the vectors and were
used to construct 4 grid images. The order of the vector sample points was
randomized in each image. The observer was then asked to choose the most
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achromatic element in each image. The mean and the standard deviations of
the u',v' chromaticities of the 4 choices were then computed.
1 -^V. S
W
sampling points
along vector 4
u'
Figure 2.14, Four vectors used for vector color samplingmethod.
If these standard deviations in u' and v' were greater than 0.005 or if the
mean was different than the previous color center by more than two standard
deviations, a new color center was chosen with chromaticities equal to those
of the mean. Also a new size of a chromaticity difference along a vector was
selected to be the average of the standard deviations in u' and v'. If the
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standard deviations stabilized or fell below 0.005 in u',v' and if the mean
stabilized or did not differ from the previous mean by more than two
standard deviations, the means and standard deviations for the last 4 images
(vectors) were recorded and the experiment would be repeated. This whole
process was completed 5 times. The results of 20 observations were recorded.
The observers from the previous test performed a pilot test of the vector
sampling method. A session began with the experimenter choosing a
random starting color center and a color difference between samples along a
vector of 0.05 in both u' and v'. The test was run until the standard
deviations in u' and v' were below a tolerance of 0.005.
Two observers performed the pilot test of vector color space sampling with
the grids images. Each observer sat for two separate sessions. In each
session, one chromaticity of ambient illumination and two chromaticities of
CRT background were employed. The total number of factor level
combinations used was 4. These are listed in table 2.11.
In a typical session, an observer was seated at a table in front of the 690SR
CRT. The screen of the CRT was 61 cm from the edge of the table and thus
each element in the CRT image subtended 1.9 degrees. At the beginning of
each session, the observer was given the following instructions verbally.
You will be shown a series of images consisting of grids of colored squares
on the monitor in front of you. Your task is to examine each image and
decide which grid element in the image appears most achromatic in color. In
other words, which square has the least amount of red, green, yellow, blue, or
other hue content. You may take as long as you like to examine a particular
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image however you should remember to avoid staring at a single grid
element for more than an instant. When you have decided which square
appears most achromatic, you should indicate your choice and move on to
the next image. You can indicate your choice by clicking the left mouse
button once after you have positioned the cross-hairs cursor over the square
of your choice.
Table 2.11, Factors and levels for vector sampling pilot. (T=tungsten, D=daylight-fluorescent).
Session Treatment Ambient
Chromaticity
Hardcopy
Background
Chromaticity
Observations
( 5 replicates
of 4 trials)
1 1 T T 20
1 2 T D 20
2 3 D T 20
2 4 D T 20
2.8.2.2.1. Results of Vector Sampling Test
The results obtained with the vector sampling method are listed in table
2.12 and are plotted in figure 2.15. The overall mean results are listed in table
2.13. The results of Fairchild (MDF) were listed in table 2.9. The
chromaticities of the adapting fields used by MDF and in this pilot (MEG) are
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compared in table 2.14. The overall mean results from MEG and MDF are
plotted in figure 2.16.
As shown in figure 2.16, the adapting backgrounds of MDF and MEG were
not the same thus the achromatic colors chosen should not be the same. In
all but one case, the differences between the two experiments in the
chromaticities of the chosen achromatic colors is smaller than the differences
between the chromaticities of the adapting backgrounds. For example, the
difference in the results for a tungsten background are 0.0049 and 0.0060 in
u',v'. The difference in the tungsten adapting background were 0.0068 and
0.0059. The direction of the differences between the adapting fields are not the
same as those for the chosen colors however. Some difference in direction
would be expected due to the nonuniformity of the
u',v'
color space.
Another difference between the experiments was that the adapting fields
of MDF had the same luminance as the test colors (20% gray) while the
adapting fields for MEG were much brighter (white). Because of this, the
results of MEG would be more likely to be show the Helson-Judd effect. Test
colors darker than a tungsten surround would be perceived as bluer than
colors with similar chromaticities but that were the same lightness as the
surround. The result for MEG would be achromatic colors chosen with
tungsten adaptation that were shifted toward the yellow. The results in figure
2.16 do not show this shift toward yellow.
Finally, the results of JvIDF and MEG would not be expected to be the same
simply due to experimental noise and the difference in psychophysical
method used. It is obvious that the two sets of results agree well enough to
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allow discussion of larger trends in the data and the vector method was
selected for use in experiments 1, 2, and 3.
Table 2.12, Results of test of vector sampling. Means and standard deviations of 20 judgements
over 5 trials with CRT grid images using vector method. (T=tungsten, D=daylight-fluorescent.)
Observer Ambient
Color
CRT Color
Balance
u'
s(u')
v'
s(v')
JP T T 0.2221 0.0039 0.5112 0.0049
JP T D 0.1828 0.0020 0.4629 0.0022
JP D T 0.2206 0.0049 0.5111 0.0047
JP D D 0.1853 0.0035 0.4661 0.0047
LY T T 0.2210 0.0052 0.5072 0.0046
LY T D 0.1861 0.0024 0.4594 0.0026
LY D T 0.2133 0.0031 0.5145 0.0034
LY D D 0.1813 0.0051 0.4603 0.0047
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Figure 2.15, Results of test of vector sampling. Mean CIE 1976
u',v'
of 20 achromatic matches in
CRT grid images by observer JP using vector method.
Table 2.13, Overall mean results of vector sampling pilot. (T=tungsten, D=daylight-
fluorescent.)
CRTbackground
color
u' s(u')
v'
s(v')
T 0.2223 0.0043 0.5105 0.0044
D 0.1839 0.0033 0.4634 0.0036
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Table 2.14, Comparison of adapting field chromaticities for this research (MEG) and Fairchild
(1990) (MDF). (T=tungsten, D=daylight.)
experimenter adapting field
color
u' v'
MEG T 0.2628 0.5302
MDF T 0.2560 0.5243
MEG D 0.1983 0.4822
MDF D 0.1978 0.4683
0.55
0.50 -
0.45 -
0.40
A
+
o
Planckian Locus
MEG adapting
fields
MDF adapting
fields
MEG results,
Tungsten CRT
MEG results,
Daylight CRT
MDF results,
Tungsten CRT
MDF results,
Daylight CRT
0.30
Figure 2.16, Comparison of the overall mean results for the vector sampling pilot (MEG) and
those of Fairchild (1990) (MDF).
3. Experiment 1. CRTWith Grid Image
3.1. Procedures
The objective of experiment 1 was to determine the chromaticities of an
achromatic stimulus in a simple CRT image under various conditions of
observation. During this experiment, two factors were varied: ambient
illumination color and image background color. Image content and type of
media were held constant. The 5 main factors are outlined in table 3.1.
Table 3.1, Outline of research factors for experiment 1.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten,
none
image content constant simple grid
media type constant CRT
observer task constant forced-choice
subjective judgement
Three observers performed experiment 1. Each observer sat for three
separate sessions. Two different image color balances were investigated in
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each session. The total number of factor level combinations used was 6.
These are listed in table 3.2.
Table 3.2, Factor levels for experiment 1 (T=tungsten, D = daylight fluorescent).
Session Treatment Ambient
Chromaticity
CRTBackground
Chromaticity
Judgements
(5 replicates of
4 trials)
1 1 None T 20
1 2 None D 20
2 3 T T 20
2 4 T D 20
3 5 D T 20
3 6 D T 20
In a typical session, an observer was seated at a table in front of the 690SR
CRT. The screen of the CRT was 2 feet from the edge of the table and thus
each element in the grid image subtended 1.9 degrees. At the beginning of
each session, the observer was verbally instructed that he will be shown a
series of images consisting of grids of colored squares on the monitor. The
task was to examine each image and decide which square in the image
appears most achromatic in color. In other words, which square has the least
amount of red, green, yellow, blue, or other hue content. He was told he
could take as long as desired to examine a particular image and that he should
avoid staring at a single grid element for more than an instant. The observer
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was then shown how use the mouse cursor to select the chosen grid element
before going on to the next image.
In this experiment the vector method of sampling was used. This method
was described previously in section 2.8.2.2. For each treatment and each
observer, 5 starting color centers were chosen randomly from the intervals:
0.15 < u' < 0.30, and
0.40 < v' < 0.55.
The starting color difference between samples along a vector was 0.05 in
both u' and v'. Sets of four judgements (along the four vectors) would be
made from a particular color center until the standard deviations in u' and v'
were below 0.005 and the mean of the four vectors was within 2 standard
deviations of the previous mean or until no further improvement was
noticed. The last 4 color judgements from each center were kept for a total of
20 judgements per observer for each treatment.
The grid image shown in figure 2.12 was used for all judgements. The
luminances and the chromaticity coordinates of the
'daylight'
and
'tungsten'
background colors were the same as for the hardcopy plates listed in table 2.12
(page 65). The grid elements of this image had a constant luminance factor of
0.2 with respect to the background.
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3.2. Results
The results of experiment 1 are listed in table 3.3 and are plotted in figure
3.1. Each of the points plotted in figure 3.1 represent the means of 20
replications. The open shapes indicate selections of neutral made with a
tungsten CRT balance. The closed shapes represent those for a daylight CRT
balance. Circles, squares, and triangles represent no ambient, tungsten
ambient, and daylight ambient respectively. The overall means from
experiment 1 are listed in table 3.4 and are plotted in figure 3.2.
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Table 33, Results of Experiment 1, CRTWithGrid Image. Means and standard deviations of 20
selections of neutral in CRT grid images by three observers using the vector method. (N=none,
T=tungsten, D=daylight-fluorescent).
Observer Ambient
Color
CRT Back
ground
Color
u'
s(u')
v'
s(v')
PCH N T 0.2245 0.0035 0.5154 0.0024
CMM N T 0.2256 0.0033 0.5152 0.0044
ENP N T 0.2241 0.0041 05095 0.0038
PCH N D 0.1877 0.0027 0.4709 0.0034
CMM N D 0.1866 0.0070 0.4692 0.0078
ENP N D 0.1919 0.0021 0.4748 0.0036
PCH T T 0.2259 0.0038 05005 0.0032
CMM T T 0.2215 0.0030 0.5076 0.0053
ENP T T 0.2286 0.0019 0.5144 0.0024
PCH T D 0.1852 0.0026 0.4624 0.0028
CMM T D 0.1824 0.0054 0.4656 0.0050
ENP T D 0.1864 0.0034 0.4635 0.0050
PCH D T 0.2128 0.0014 0.5122 0.0021
CMM D T 0.2196 0.0046 0.5132 0.0042
ENP D T 0.2176 0.0035 0.5147 0.0039
PCH D D 0.1793 0.0017 0.4594 0.0026
CMM D D 0.1804 0.0060 0.4611 0.0087
ENP D D 0.1841 0.0033 0.4654 0.0042
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Table 3.4, Overall means and standard deviations of choices of achromatic colors from
experiment 1 (T=tungsten, D=daylight-fluorescent).
Adapting Field
(Background)
u'
s(u')
v'
s(v')
T 0.2222 0.0032 0.5114 0.0035
D 0.1849 0.0038 0.4658 0.0048
v'
0.50 "
Daylight
6000K
^*^\
. %n ^*r Tungsten
cP^r 2700K
g Subjective Neutral
g Points For CRT
' With Tungsten
Balance
0.45 -
0.40 -i
Subjective Neutral
Points For CRT With
Daylight-Fluorescent
Balance
0.15 020 025
U'
0.30
N = No Ambient
T = Tungsten
D s Daylight Fluorescent
First Letter in Legend is
Color of Ambient Illumination,
Second is CRT Image Balance.
Figure 3.1, Results of Experiment 1, mean CIE 1976
u',v'
of 20 selections of neutral in CRT grid
images by three observers using vector method.
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Figure 3.2, Overall mean results of experiment 1.
4. Experiment 2. HardcopyWith Grid Image
4.1. Procedures
In experiment 2 the type of media was changed to hardcopy. The hardcopy
test images used were described previously in section 2.6. As in experiment 1,
ambient illumination color was varied between daylight and tungsten. Type
of media, and image content remained constant. These factors are outlined in
table 4.1. Since the background of the hardcopy images was a nearly
nonselective white, image color balance always matched ambient
illumination.
Table 4.1, Outline of research factors for experiment 2.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten
image content constant simple grid
media type constant hard copy
observer task constant forced-choice
subjective judgement
The change from CRT to hardcopy required several changes to the
procedures. The primary experimental design limitation was the difficulty of
preparing hardcopy images. If the complete factor matrix from experiment 1
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was repeated, images with daylight and tungsten backgrounds would be
needed. This would require a large sampling of color space for each
background. One set from experiment 1 for 1 treatment consisted of 20
images. Each image contained 25 elements, totaling 500 individual color
samples. Repeating this over 4 treatments would require 2000 color samples.
If each sample was colorimetrically calibrated, this would represent
substantial sample preparation. Therefore, the experimental design was
trimmed down to a more manageable level. First, the number of elements in
the grid was reduced from 25 to 16. Second, the color of image background
was limited to nonselective white. With this design, image background
chromaticity always matched ambient illumination. For experiment 1,
different CRT images could be created as needed. For experiment 2, a total of
12 hardcopy images were created.
Experiment 2 was performed in 2 sessions. In each session, a different
color of ambient illumination was investigated. The same three observers
from experiment 1 performed experiment 2. The factor levels for experiment
2 are shown in table 4.2.
Table 4.2, Factor levels for experiment 2 (T=tungsten, D = daylight fluorescent).
Session Treatment Ambient
Chromaticity
Hard-Copy
Background
Chromaticity
Judgements
1 1 T T 48
2 2 D D 48
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In a typical session, an observer was seated at a table. The set of 12 hard-
copy images were placed in front of the observer. A diagram of a test image
was also placed on the table. This diagram was made of the same material as
the test images except that numbers written in pencil were substituted for
colored squares. The grid elements were numbered 1 to 16 in this diagram.
Each observer was given the following verbal instructions. Note that the
instructions concerning the description of
'achromatic'
were simpler than
those provided in experiment 1. This was because the same observers were
used.
In front of you are 12 plates each containing 16 colored squares. Your task
is to examine each plate one at a time picking out the square on each plate
which you consider to be most achromatic in color. To do this, uncover the
first plate and place it flat down on the table in front of you. Examine the
plate at your leisure until you have decided which square appears most
achromatic. After you have made your decision, mark the number
corresponding to your choice on the provided answer sheet according to the
plate numbering diagram on the table. After your choice has been recorded,
cover the plate and place it in the "done" pile and select the next plate for
examination. Continue in this manner until all 12 plates have been
inspected. When you are finished with the 12 plates, the experimenter will
replace them with 12 new plates. You will look at 4 groups of 12 in all. When
examining the plates, please remember not to rotate the plates from their
original orientations. You should also make every effort not to prolong your
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fixation on one particular square of the 16. Your results will be better if you
simply look from square to square rapidly until you have made your decision.
Each observer examined the 12 plates 4 times each for a total of 48
judgements under a single color of ambient illumination. After each set of 12
observations, the plates were rotated randomly to present each plate in all 4
possible orientations. After collecting the data, the numbers recorded by the
observers were converted to CIE 1976 chromaticity
u'
and v'. The means and
standard deviations in u' and v' for the 48 observations were then computed.
4.2. Results
The means and standard deviations for the judgements made by each
observer are listed in table 4.3 and are plotted in figure 4.1. The data plotted in
figure 4.1 represent averages of 48 choices of neutral for each observer.
Achromatic colors chosen under tungsten ambient are plotted as open circles
while those chosen under daylight-fluorescent are plotted as closed circles.
The overall averages of the results of all three observers are plotted in figure
4.2.
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Table 4.3, Results of experiment 2. Means and standard deviations of 48 judgements of
achromaticity in 12 hardcopy grid images. (T=tungsten, D=daylight-fluorescent.)
Observer Ambient
Color
u'(T) s(u') V (T) s(v')
PCH T 0.2617 0.0028 0.5267 0.0017
ENP T 0.2576 0.0029 0.5294 0.0023
CMM T 0.2620 0.0034 0.5289 0.0011
PCH D 0.1960 0.0019 0.4718 0.0031
ENP D 0.1962 0.0018 0.4740 0.0035
CMM D 0.1993 0.0022 0.4779 0.0028
0.55
0.50 -
V'
0.45 "
0.40
0.15
Planckian Locus
White Surround
T
DF
T = tungsten
DF = daylight-
fluorescent
0.20 0.25 0.30
Figure 4.1, Experiment 2,mean CTE 1976
u',v'
of 48 choices of neutral in 12 hard-copy grid images
by six observers.
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Figure 4.2, Experiment 2, overall means of results of all three observers.
5. Experiment 3. CRT-HardcopyMatchingWith Grid Image
5.1. Procedures
In experiment 3, the task of the observer was changed to softcopy-hardcopy
matching. Rather than make subjective judgements, observers were asked to
compare CRT grid images to a hardcopy standard placed on the table. Again,
ambient illumination and CRT image color balance (background) were
varied. The research factors in this experiment are outlined in table 5.1.
Table 5.1, Outline of research factors for experiment 3.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten
image content constant simple grid
media type constant CRT and hardcopy
observer task constant forced-choice match of
CRT color to hardcopy
standard
For experiment 3, two achromatic test standards were created. Each
consisted of a single 2.0 cm long by 2.5 cm wide gray square mounted in the
center of a 22 cm. white card. The achromatic squares were selected from the
photographic paper set with chromaticities equal to those obtained in
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experiment 2, averaged from the results of six observers (three not listed here
were also used). Thus one standard was used for daylight-fluorescent
illumination and another for tungsten. The chromaticities of the standards
are listed in table 5.2. The reason for choosing this standard was to insure that
the results of this experiment could be analyzed with some reasonable
assurance that the appearance of the standard was known to be achromatic.
This would be analogous to the first two experiments where the subjective
standard was achromatic, not nearly achromatic, or matching the
illumination.
Table 5.2, CIE 1976
u',v'
chromaticities of hardcopy standards used in experiment 3.
Ambient
Illumination
Color
u* v'
T 0.2590 0.5274
D 0.1949 0.4710
These standards were compared to the same 25 element grid used in
experiment 1 on the CRT. As always, the CRT background color was matched
in terms of chromaticity and luminance to that of the white background of
the card on the table. These values are listed in table 2.3 in section 2.6.3.
The same three observers used in experiments 1 and 2 performed
experiment 3. The combinations of factor levels are listed in table 5.3.
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Table 5.2, Factor levels for experiment 3 (T=tungsten, D = daylight fluorescent).
Session Treatment Ambient
Chromaticity
(hardcopy
background)
CRTBackground
Chromaticity
Judgements
1 1 T T 20
1 2 T D 20
2 3 D T 20
2 4 D D 20
In a typical session, an observer was seated at a table facing the 690SR CRT
placed 2 feet away. At this distance, the 2.0 cm elements of the CRT grid
image subtended 1.9 degrees. On the table in front of the CRT was the 22 cm.
square white card with the achromatic square fixed in its center. If the eyes of
the average observer were 2.5 feet or about 76 cm above the table and the card
was placed flat on the table 4.5 cm from the edge, the achromatic square
would subtend 1.8 degrees. The squares were made slightly wider to account
for the angle of view. Each observer was given the following instructions
verbally.
In this experiment, you will be shown images on the CRT consisting of a
grid of 25 colored squares. Your task is to examine each CRT image and
decide which of the 25 squares is closest in color to the square on the table.
You have as long as you like to decide. After you have made your decision,
you can indicate your choice and move on to the next image by clicking the
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left mouse button after you have placed the cross-hairs cursor over the square
of your choice. It would be helpful if you try to establish a consistent routine
in which you alternate your glance back and forth between the CRT and
standard square on the table in a regular fashion.
As in experiments 1 and 2, the words "gray" or "neutral" were not used in
the instructions. This was so the observers would not be encouraged to
ignore the standard and simply choose a gray on the CRT. The same vector
search method used in experiment 1 was used in this experiment to narrow
in on the color match. Each observer sat for 2 sessions. In each session, the
color of image color balance was varied between daylight and tungsten.
Twenty judgements were recorded for each observer for each set of
conditions.
5.2. Results
The data collected in experiment 3 are listed in table 5.3 and are plotted in
figure 5.1. The data in figure 5.1 represent averages of 20 judgements (5
repetitions of 4 trials) between the CRT grid image and hard-copy standard.
Matches chosen for a tungsten CRT background are plotted as open shapes
while those for a daylight CRT background are plotted as closed shapes. The
overall mean results plotted in figure 5.2.
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Table 5.3, Results of experiment 3, CRT and hardcopywith grid image. Means and standard
deviations of 20 choices of neutral in CRT grid images by three observers to match hardcopy
color. (T=tungsten, DF=daylight-fluorescent).
Observer Ambient
Chromaticity
CRT Back
ground
Chromaticity
u'
s(u-) V s(V)
PCH T T 0.2536 0.0018 05267 0.0013
CMM T T 02467 0.0029 0.5240 0.0019
ENP T T 0.2486 0.0021 0.5217 0.0020
PCH T DF 0.2049 0.0033 0.4828 0.0038
CMM T DF 0.1921 0.0033 0.4774 0.0038
ENP T DF 0.1951 0.0027 0.4771 0.0030
PCH DF T 0.2149 0.0040 0.4939 0.0041
CMM DF T 0.2208 0.0047 0.5169 0.0037
ENP DF T 0.2130 0.0029 0.4986 0.0029
PCH DF DF 0.1928 0.0016 0.4685 0.0030
CMM DF DF 0.1858 0.0018 0.4667 0.0021
ENP DF DF 0.1888 0.0016 0.4666 0.0022
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Figure 5.1, Experiment 3,mean CIE 1976 u',v' of 20 choices ofmatches between CRT grid images
and hardcopy standards by three observers.
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Figure 5.3,Overallmean results from experiment 3.
6. Experiment 4. CRT-HardcopvMatchingWith Room Image
6.1. Procedures
Experiment 4 was the same as experiment 3 except that the CRT grid image
was replaced with a more natural pictorial scene. The objective of experiment
4 was for the observers to match the color of an object depicted in the CRT
image with the actual object placed on the table next to the CRT.
To create the pictorial test image, a scene was set up in the psychophysics
lab right next to the CRT. The scene was carefully designed to contain many
familiar objects and a wide range of colors. The objects in the scene were
arranged so that no one image area contained a predominate amount of any
hue. The scene consisted of a table with various objects such as flowers, fruit,
books, office supplies and color pictures. One of the hardcopy images from
experiment 2 was placed in the center of the scene. This scene was
photographed, digitized and displayed on the 690SR monitor. The
photograph is shown in figure 6.1.
When this "room" image was created, it contained a card with 16 squares.
Upon examination of the image, it became clear that the elements of the grid
would subtend too small an angle of view to employ the vector method used
in experiments 1 and 3. Therefore, it was decided to use only one larger
square in the center of the white card with the method of adjustment. The
CRT image was modified digitally to replace the grid of squares with one 2
cm. square in the center of the white card. Adaptation to the test square in the
6. Experiment 4, CRT-Hardcopy Matching With Room Image. 115
CRT image was avoided by flashing it on and off. The square was left on for a
period of 0.5 seconds and then replaced with the background white for a
period of 2.0 seconds. Color adjustments could only be made during the off
period.
Figure 6.1, Complex room scene used for CRT image in experiment 4.
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In previous experiments, CRT image color balance was defined as the
chromaticity of the adapting background. In this experiment, image color
balance was defined as the average or integrated chromaticity of the complete
test image. Two CRT images were created, one averaged to daylight, one to
tungsten. The color of the white card in the CRT image was set to match the
average chromaticity of the whole image. The chromaticities and maximum
luminances of the two test image balances were set to match those of the
hardcopy background. To create the test images, a photograph was scanned
with 8 bits per channel of red, green, and blue. This raw scanned file was
transformed to the two test files using a linear transform in phosphor
tristimulus space.
The experimental factors and levels for experiment 4 are listed in tables
6.1. and 6.2. During a session, the observers were shown the tungsten
balanced image first. It was assumed that the daylight balanced CRT image
would appear much better than the tungsten image and so might bias the
observer's judgement. Showing the tungsten image first would prevent this.
When time came to change between image balance colors, the CRT was
covered with a black card for 5 minutes and the change was not mentioned.
In a typical session, an observer was seated at a table 2 feet from the CRT. The
same standards used in experiment 3 were used again. The appropriate
standard was placed on the table in front of the observer and he was given the
following verbal instructions.
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Table 6.1, Outline of research factors for experiment 4.
Factor Type Levels
image color balance varying daylight, tungsten
ambient illumination color varying daylight, tungsten j
image content constant pictorial scene
media type constant CRT and hardcopy
observer task constant method-of-adjustment
match of CRT color to
hardcopy standard
Table 6.2, Factors levels for experiment 4.
Session Treatment Ambient
Chromaticity
CRTColor
Balance
Replicates
1 1 tungsten tungsten 5
1 2 tungsten daylight 5
2 3 daylight tungsten 5
2 4 daylight daylight 5
In this experiment you will be shown a picture on the monitor in front of
you. On the table in this picture is a white card with a colored square in its
center. This is a picture of the same card you see on the table in front of you
except that the color of the square has been changed. Your task is to adjust the
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color of the square in the image until it matches that of the square on the
table. To adjust the color, wait until the square disappears and then move the
mouse provided. You will not be able to adjust the color of the square while
it appears in the image. Please remember to compare the color of the square
on the CRT with that of the square on the table after each flash.
Using the mouse you can adjust the amount of red, green, yellow and blue
in the square but not its lightness. The diagram on the wall shows the
approximate directions in which to move the mouse to achieve different
color changes. [ Here the experimenter points to a u',v' diagram on the wall
to the observer's left which has arrows indicating the approximate directions
of red, green, yellow, and blue. The diagram is pseudo colored but has no
gray.] When you are satisfied with the color match, you may record your
choice and try again by clicking the left mouse button. You may begin when
ready and thank you for your help.
Each observer sat for two sessions. A different color of ambient
illumination was investigated in each session. In the first session, the
observers were allowed to make 3 practice matches to get used to the interface.
The results of these practice matches were not recorded. Two treatments
(combinations of experimental factors) were investigated in each session. For
each combination of experimental factors, each observer completed 6
matches. The u',v* coordinates of the last 5 of these matches were recorded
along with their means and standard deviations. The starting chromaticity of
the test square for each match was chosen at random. Since five treatments
were investigated, 20 matches were recorded for each observer.
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6.3. Results
The results of experiment 4 are listed in table 6.3 and are plotted in figure
6.2. The overall mean results are listed in table 6.4 and are plotted in figure
6.3.
Table 63, Results of experiment 4,means and standard deviations of 5 neutrals created by three
observers in a complex CRT image to match hard-copy color. (T=tungsten, D=daylight-
fluorescent.)
Observer Ambient
Color
CRTColor
Balance
u'
s(u')
v'
s(v')
CMM T T 0.2576 0.0031 0.5288 0.0014
PCH T T 0.2589 0.0012 0.5299 0.0004
ENP T T 0.2493 0.0035 0.5250 0.0004
CMM T D 0.1929 0.0033 0.4846 0.0029
PCH T D 0.2068 0.0010 0.4910 0.0010
ENP T D 0.1982 0.0040 0.4730 0.0044
CMM D T 0.2437 0.0011 0.5249 0.0013
PCH D T 0.2528 0.0053 0.5254 0.0028
ENP D T 0.2408 0.0069 0.5162 0.0020
CMM D D 0.1896 0.0016 0.4709 0.0033
PCH D D 0.1912 0.0013 0.4720 0.0012
ENP D D 0.1947 0.0020 0.4734 0.0030
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Table 6.4, Overall mean results of experiment 4.
Ambient
Color
u'
s(u')
V'
s(v')
T 0.2505 0.0035 0.5250 0.0014
D 0.1956 0.0022 0.4775 0.0026
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T = Tungsten
D = Daylight Fluorescent
First Letter in Legend Is
Color of Ambient Illumination,
Second is CRT Image Balance.
0.30
Figure 6.2, Experiment 4, mean CIE 1976
u',v'
of 5 neutrals created by three observers in a
complex CRT image tomatch hard-copy color.
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Figure 63, Overall mean results of experiment 4.
7. Discussion
It is apparent from figure 3.1 (page 73) that the mean chromaticities of the
achromatic matches made when the CRT was balanced to tungsten (open
shapes) were clustered separately from those made with a daylight balance
(closed shapes), and there is no overlap between the two clusters of points.
The two clusters of points are displaced negatively in
u'
and
v' from the
chromaticities of the image balance (large triangles) in a direction
approximately along the Planckian locus.
Each cluster contains data collected under three conditions of ambient
illumination. Each of these conditions was investigated on different days.
For each condition of ambient illumination and image color balance,
observers made judgements of 20 different images for a total of 120 images.
At first glance, the spread of the data in figure 3.1 (page 73) would seem to
indicate a significant differences depending on ambient illumination. Upon
closer examination, the data for tungsten ambient illumination (squares) can
be seen to be generally displaced negatively in
u'
and
v' from the data for no
ambient (circles). This would only make sense if flare was a greater problem
than adaptation to ambient illumination. The data for daylight ambient
illumination (triangles) are also displaced negatively in
u'
and
v' from the
data for no ambient (circles). For example, the chromaticity difference from
no ambient to daylight ambient for observer PCH was -0.0084 and -0.0115 in
u'
and
v' (for a daylight CRT balance). Similar differences for all three observers
are listed in table 7.1. These results would make sense if adaptation to
ambient had a greater effect than flare. These two conflicting cases indicate
that effects of adaptation to ambient, ambient flare, and observer noise are
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confounded for the difference magnitudes indicated in table 7.1. Thus it
cannot be concluded that state of adaptation was affected by ambient
illumination color.
Since different ambient illumination colors were examined on different
days, observer variance between sessions would also add to the differences.
Ideally, levels of ambient illumination should be repeated randomly over a
period of sessions so that this noise could be blocked out with an analysis of
variance. This was not considered practical for this research because it would
have required at least tripling the number of matches and sessions required
for each observer. In addition, no information on this type of color matching
was previously available and so designing a huge experiment with many
observers could have proved very foolish with out running a smaller set of
experiments such as carried out in this research.
If the results for all observers are pooled, we would expect the differences
due to changes in ambient to diminish because of the addition of inter-
observer noise. The pooled results shown in table 7.2 confirm this. In table
7.2, the overall differences in u',v' between no ambient and daylight or
tungsten are listed.
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Table 7.1, Experiment 1, chromaticity differences between results for none and daylight or
tungsten ambient illumination.
observer CRT balance ambient Au'
(fromno
ambient)
AV
(fromno
ambient)
CMM T T -0.0041 -0.0076
CMM T D -0.0042 -0.0036
CMM D T -0.0060 -0.0020
CMM D D -0.0062 t -0.0081
PCH T T 0.0014 -0.0149
PCH T D -0.0025 -0.0085
PCH D T -0.0117 -0.0032
PCH D D -0.0084 -0.0115
ENP T T 0.0045 0.0049
ENP T D -0.0055 -0.0113
ENP D T -0.0065 0.0052
ENP D D -0.0078 -0.0094
Table 7.2, Experiment 1
u',v'
chromaticity differences between choices under no ambient
illumination and daylight or tungsten ambient. Results averaged for all observers.
Ambient CRTBalance meanAu'
fromno
ambient
mean
Av'
fromno
ambient
T T 0.0006 -0.0059
D T -0.0080 0.0000
T D -0.0040 -0.0078
D D -0.0074 -0.0096
The spread of the results of experiment 1 implies that using different
colors of ambient illumination and having sessions on different days had a
significant effect. Unfortunately it is impossible to separate these effects from
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these data. Precise determination of the magnitude of these effects and their
importance in light of CRT and observer variance would require further
study. This type of study would be very dependent on the equipment and
methodology used. The small amount of the shifts in table 7.1 indicate that
ambient illumination, and therefore surround, contributed little to the
observer's state of adaptation in this research. One could infer from this that
fixation was limited to image areas during judgements.
These results receive qualitative support from Evans (1948) and Bartleson
(1958) who showed in simple experiments that image areas contribute to
chromatic adaptation. The results of experiment 1 also seem in agreement
with related work by Breneman (1976) and Troscianko (1977). They
investigated the effect of various surrounds on the perception of complex
images. Their complex images were basically arrangements of colored squares
with a test patch in the center. Although their work concentrated on
saturation, both found that 2 test fields on complex backgrounds were not
significantly affected in appearance by the color of areas surrounding the
background. In a more quantitative evaluation of the spatial extent of
chromatic adaptation, Fairchild (1990) concluded that when observers fixated
on a central target, surrounds as close as
2 had no effect on adaptation.
The overall means from experiment 1 are shown in figure 3.2. In this
figure the mean match point for a tungsten background is plotted as an open
circle and for a daylight as a closed circle. The difference between these two
points show a significant effect due to image color balance. Both daylight and
tungsten CRT backgrounds resulted in subjective achromatic matches that
were displaced from the background color. The displacement was 3 times
greater with a tungsten background. This was expected since adaptation to
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tungsten has been shown to be incomplete (Hunt and Winter, 1975;
Breneman, 1987; Fairchild, 1990; Hurvich and Jameson, 1951).
The results plotted in figure 3.2 for experiment 1 show that the mean
chromaticities of the subjective achromatic for a daylight balanced CRT were
shifted negatively in
u',v' from the chromaticities of the CRT color balance.
The work of Bolles, Hulicka, and Hanly (1959) provides a potential
explanation of this shift. In their work, they had observers use a wheel of
colored squares to match the color of a shape cut out of paper. At first, their
results indicated that object shape influenced the color match. For example, if
an apple shape and a square shape were cut from the same paper, the apple
shape would be matched to a more saturated red than the square. After a
slight improvement of the color spacing of their matching wheel, they
noticed that the effect of shape totally disappeared. They concluded that with
the first wheel, their observers could not make an exact color match to the
shape and so reverted to making a preferred match. Hochberg (1971) agreed
with this assessment and provides an extensive review of similar sources of
error in classic color appearance and color constancy experiments. In
experiment 1, each test grid image consisted of only 25 elements. If it is
assumed that observers were not able to choose a square that was exactly
achromatic from the first several grid images, they may have simply chosen
their preferred neutral resulting in matches shifted toward the blue in much
the same manner as the observers described above chose redder apple shapes.
It is also possible that even if observers could make an exact match they
would have chosen preferred neutrals with a bluish hue. Hunt (1987)
mentions that in his experience, observers prefer bluish neutrals because of
their experience with bluish sky light illumination of shadows which is
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judged as neutral and matching the prevailing daylight when in fact it
normally has a much higher color temperature.
For reference, the mean results of experiment 1 are compared with those
of Fairchild (1990), and Breneman (1987) in table 3.5. The results from table
7.3 are compared in figure 7.1. The placement of the results with respect to
the adapting fields is more apparent in the
'delta'
plot in figure 7.2.
Table 73, Comparison of the chromaticities of achromatic stimuli from experiment 1 (MEG),
EJB (Breneman 1987), and MDF (Fairchild, 1990).
Experimenter Adapting Field
(Background)
u' v'
MEG 6000K 0.1849 0.4658
MDF D65 0.1918 0.4602
EJB D65 0.206 0.478
MEG 2700K 0.2222 0.5114
MDF A 0.2272 0.5045
EJB A 0.223 0.521
Fairchild (MDF) had three observers form subjective achromatic colors
using the method of adjustment. Test stimuli were presented as
1
squares
on a
10
adapting background. His test stimuli and backgrounds were
generated on a CRT. Fairchild used complex backgrounds with a mean
luminance of approximately 25 cd/m2. The test stimuli had the same
luminance. State of adaptation was controlled by removing the test color
from the background at regular intervals.
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Figure 7.1, Comparison of the results of experiment 1 (MEG), MDF (Fairchild, 1990) and EJB
(Breneman, 1987).
Breneman (EJB) used specially designed instrumentation that allowed
each eye of an observer to be adapted to a different stimulus without using
separate fields as in traditional haploscopic matching. He had observers
match a test color, apparent to one eye, to a standard, apparent to the other
eye, while each eye was adapted to a different color temperature. The
adapting field was a photographic transparency. The samples were presented
in a 2 bipartite field in the center of the adapting field. This bipartite field
was isolated from the complex adapting field by a 5 uniform gray field.
Of the many similarities and differences between the three experiments
and their results, the following are particularly helpful to this discussion.
First, MEG and MDF measured the chromaticities of achromatic colors for
daylight and tungsten adapting fields while EJB had observers form a
corresponding color match to an achromatic standard in a bipartite field.
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Thus one cannot conclude that the matching field of EJB appeared
achromatic, only that it matched the standard for the given conditions.
0.05
A V'
0.00
-0.05
-0.05
O tungsten
results
9 daylight
results
0.05
Figure 7.2, Delta plot of the results of experiment 1 (MEG), MDF (Fairchild, 1990) and EJB
(Breneman, 1987). Deltas are the difference between the experimental results and the
chromaticities of the adapting fields.
Second, in all three experiments, test colors were presented as additive
mixtures of three primary light sources. That is, none used actual surface
colors. It would be more likely therefore that the results would be more
similar to illuminant mode matches than surface mode matches.
Third, the results for tungsten adaptation were shifted farther from the
adapting field chromaticities than for daylight adaptation. For tungsten, the
shifts were toward higher correlated color temperatures. For daylight, the
shifts of MDF and MEG were toward higher correlated color temperatures
while the results of EJB were shifted toward lower correlated color
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temperatures. Fairchild (1990) concluded that his results were due to
incomplete adaptation.
Fourth, as seen in figure 7.2, the difference between the results of different
experimenters for tungsten adaptation are smaller than the differences in the
results between daylight and tungsten adaptation. This indicates that
regardless of the differences between the three experiments, the results still
show significantly larger shifts for tungsten than daylight. It is easier to
conclude therefore that adaptation to tungsten was incomplete in all three
cases. Since all three experimenters used luminous stimuli, there may have
been insufficient 'cues' to promote a surface mode of perception and more
complete color constancy.
Finally, the results of MEG are shifted farther than those of MDF or EJB.
This is immediately apparent for daylight adaptation although the difference
between the results of MEG and MDF for tungsten adaptation are of similar
magnitude. This indicates that the experimental technique used in this
research was subject to more bias, perhaps due to observer preference, than
was the case for the method-of-adjustment technique of MDF. Possible
reasons for the bias were discussed in section 2.8.2.2 for the results of the
vector sampling pilot experiment.
7.2. Experiment 2, HardcopyWith Grid Image
The results of experiment 2 are plotted in figures 4.1 and 4.2 (pages 78 and
79). Subjective achromatic match points for tungsten adaptation (open
circles) and daylight adaptation (closed circles) are grouped close to the
adapting field chromaticities (large triangles). The match points for different
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observers are spread in a pattern following the Planckian locus. Since the
match points were based on subjective judgements of achromaticity, a spread
in the results along the Planckian locus toward higher color temperatures
would indicate a systematic difference in preferred match point along this
locus.
The matches made under daylight in experiment 2 agree well with those
of experiment 1. The matches made under tungsten in experiment 2 are near
colorimetric matches with the adapting field while they were shifted in
experiment 1. The results of experiment 2 agree well with those of Helson
(1938, 1940) and Judd (1940) who had observers judge the appearance of
Munsell papers under various chromatic illuminants using memory
matching. Helson and Judd found that for adaptation to daylight or
tungsten, samples judged as achromatic had chromaticities that nearly
matched those of the illuminant as was found in experiment 2 in this
research.
Interestingly, Helson found that variations in experimental technique or
changes to very chromatic illumination could produce results where non
selective samples were not color constant. Helson reports on conditions for
color constancy with non-selective samples:
"Constancy is found either when the illuminant is not sufficiently
homogeneous for conversion or when sample and adaptation reflectances
happen to coincide.
... with as little as 0.0123 percent of lamp light [2850K] in the mixture [of
illumination], samples begin to lose their chromatic appearance and when
0.0688 or 7 percent lamp light is added to the chromatic illumination almost all
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the non-selective samples have returned to their lamp light (daylight)
appearance, i.e., are called achromatic again." (Helson, 1938).
In other words, when wide-band (homogeneous) illuminants such as
tungsten or daylight are used, non-selective samples will be reported as
achromatic even if the samples are darker than the surround. This supports
the results seen in experiment 2 in this research where white surrounds were
used. Helson found that under highly chromatic illumination, non-selective
samples darker than the background will appear to have a hue
complimentary to the illumination while those lighter than the background
will appear to have the hue of the illumination. This result is traditionally
referred to as the Helson-Judd effect today. Beck (1972) reviews studies where
the Helson-Judd effect is confirmed for highly chromatic (spectral)
illumination and disappears when even small amounts of pure tungsten
light is added to the illumination.
Helson believed that a single, adaptation mechanism was responsible for
these results:
"A single principle has been found adequate to explain and predict how
object colors change with change in illumination and background. The fact that
one principle suffices for illuminant, contrasting, or preservation of daylight
color argues for a single mechanism underneath the varied phenomena of color
vision in all conditions."(Helson, 1938).
Judd was also aware that different experimenters found conflicting results
as was the case with experiments 1 and 2 in this research. In 1940, Judd
remarked on concerns such as ambiguous mode of appearance and shifting
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fixation point. His comments are directly related to the difference between
the results of experiments 1 and 2.
"The stimulus for an aperture color can be expressed as a function of three
variables. Surface color, however, includes the idea of a surface viewed in the
presence of other surfaces in an illuminated space; it requires at least six
variables. The observer may perceive the visual field yielded by such surfaces
as a pattern of juxtaposed color areas, or aperture colors; or he may perceive
this field organized into objects in an illuminated space. The surfaces of the
objects possess surface colors and the space possesses an illumination color;
surface color and illumination color are both related to the pattern of aperture
colors, illumination color being derived from cues obtained from the whole
visual field and its organization. Simple visual fields ... can be produced by
more than one combination of objects with illumination, and accordingly, it is
usual to find that observers will report more than one organization of them.
This ambiguity generates large individual variations. Other variations arise
because the eye-movements of the observer are uncontrolled; that is, the surface
color may depend somewhat upon whether he has just previously been looking
at the darkest or the lightest object in the field." (Judd, 1940).
As Judd indicates, if an image is perceived as a "pattern of juxtaposed color
areas, or aperture
colors,"their colors may be reported in psychophysical
experiments as if in illuminant mode. This seems to have been the case in
experiment 1. If this image is perceived as "objects in an illuminated
space,"
their colors may be reported as if in surface mode. This seems to have been
the case in experiment 2. In the next section, the results of experiments 3 and
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4 are discussed with respect to what was found for experiments 1 and 2. The
elements outlined by Judd above in 1940 are equally important to CRT-
hardcopy matching today. As Judd indicated, reported color appearance
depends on "cues obtained from the whole visual field and its organization."
The effect of these "cues" was examined further in experiments 3 and 4.
7.3. Experiments 3 and 4, CRT-HardcopyMatching
Experiments 3 and 4 introduced hardcopy-softcopy matching and yielded
more complex results than experiments 1 or 2. The results of experiment 3
are listed in table 5.3 and plotted in figures 5.1 and 5.2. The results of
experiment 4 are listed in table 6.3 and plotted in figures 6.2 and 6.3. The
mean results of experiments 1, 2, 3, and 4 are compared in figure 7.2 below.
In experiment 3, the observers were presented with 4 different conditions
of CRT and hardcopy image color balance. For each condition, the observers
were asked to choose elements of the CRT grid image that "matched the color
of the hardcopy
standard." These hardcopy standards were colorimetrically
matched to the mean results of experiment 2 so it can be assumed that they
appeared achromatic under daylight and tungsten illumination. Since the
hardcopy standards were placed on the table, successive observation between
the standard and the CRT was required. Matches with successive observation
require the observer to first examine the standard, then the sample. The
standard can not be seen clearly when viewing the sample so the observer
must depend on his short-term memory of the standard to make the match.
The results obtained with these conditions one at a time below. These results
are summarized along with those of experiment 4 in table 7.4.
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In case 1 of experiment 3, both the CRT and hardcopy were balanced to
daylight. This match point is plotted in the bottom left of figure 7.2 as a closed
square. As shown in the figure, there is only a very small difference between
this match point and the results of both experiments 1 and 2 for daylight
image balances. Since both hardcopy and CRT images were balanced to
daylight, it is assumed that adaptation is to daylight and was complete as
discussed in the introduction and for experiment 1. The results of case 1,
experiment 3 were the same as both illuminant mode (experiment 1) and
surface mode (experiment 2) and thus it is difficult to draw conclusions on
the effects of the experimental conditions on mode of appearance.
The standard in case 1 had nearly the same chromaticities as the mean
achromatic color determined in experiment 2 (closed circle in upper right plot
of figure 7.2 and plotted as a cross in figure 5.3). The match point of case 1,
experiment 3 is shifted slightly to the blue from the chromaticities of the
standard. Because the standard was not adjacent to the test image, the
observer could not see both at once. Observers had to examine the standard
and then change their gaze to the test colors and depend on their memory of
the standard. The difference between the standard and the match point is
could be a bias introduced by the combination of memory matching and the
vector method for choosing grid colors. This shift is much smaller in the
results of experiment 4 discussed below. The method of adjustment was used
in experiment 4. This is further evidence that the vector method is the cause
of the biased results. If a perfact match could not be achieved with the vector
method, it is reasonable that a near match may be more likely in the blue
direction if bluish neutrals are more acceptable than other hues.
In case 2 of experiment 3, the CRT was balanced to daylight and the
hardcopy to tungsten. The match point for this condition is plotted as a
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closed circle in the bottom left plot of figure 7.2. As the figure shows, this
match point is very close to those of experiments 1 and 2 for daylight images
and also to the match point of case 1, experiment 3. The hardcopy standard
matched in this case had chromaticities nearly matching the mean tungsten
results of experiment 2 (open circle in upper right plot of figure 7.2). A small
shift toward the daylight and tungsten illuminants is noticed. As in case 1,
the position of this match point indicates that adaptation to the daylight CRT
image was nearly complete, perhaps with a small contribution from the
tungsten ambient illumination causing the slight shift. In the discussion of
the results of experiment 1, the influence of ambient illumination was found
to be small as experiment 3 confirms. The larger shift in the daylight results
was attributed partially to flare. In this case, the observer can be assumed to
have some fixation time on the hardcopy so this shift is very reasonable.
Similar to the previous case, adaptation was complete (or nearly so) and
absolute conclusions concerning mode of appearance are not possible based
solely on these results.
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Figure 7.2, Comparison of the overall mean results of experiments 1, 2, 3, and 4.
In case 3 of experiment 3, the CRT was balanced to tungsten and the
hardcopy was balanced to daylight. The data for individual observers are
plotted in figure 5.1 (page 83). The overall mean match point for this case is
plotted as an open square in the bottom left plot of figure 7.2. The data in
figure 5.1 are spread farther apart than has been previously the case. The
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standard deviations of these color matches are listed in table 5.3 (page 83) and
are larger than the standard deviations for other experimental conditions in
experiment 3. One would expect larger standard deviations if the amount of
time spent viewing the CRT and hardcopy changed, thus causing varying
adaptation states. It could also be due to the observers having trouble with
this match. The mean match point is very close to the match point from
experiment 1 with a tungsten balanced CRT. In experiment 1 we noted that
adaptation to tungsten was incomplete and so achromatic colors were shifted
in chromaticity away from the tungsten point toward daylight. The
agreement between the results of experiments 1 and 3 indicate that
judgements made in case 3, experiment 3 were essentially the same as
experiment 1. In this case, the hardcopy color balance did not match the CRT
color balance. When the observer examined the hardcopy in daylight, he
would see an achromatic paper. Since adaptation to daylight is complete, a
perception of illumination would not be important and the criterion of the
CRT match would only be that the CRT square appears achromatic as was the
case in experiment 1. Since the CRT was balanced to tungsten, adaptation was
incomplete and the achromatic match point was shifted toward daylight. The
experimental conditions of case 3 resulted in incomplete adaptation to the
tungsten CRT image and the match point was similar to illuminant mode
matching.
In case 4 of experiment 3, the CRT was balanced to tungsten and the
hardcopy was balanced to tungsten. The match point for this condition is
plotted as an open circle in the bottom left plot of figure 7.2. This result is
very interesting. The same type of CRT image used in experiment 1 was used
in experiment 3. The same experimental technique used in case 3,
experiment 3 was used in case 4. This time however, the match point is
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essentially the same as was found in experiment 2 for a tungsten surface
image. This indicates that a mode of appearance shift has occurred between
cases 3 and 4. In case 4, when the observer examined the hardcopy standard,
he would either perceive an achromatic paper in yellowish illumination, or a
yellowish paper. The results of experiment 2 imply that the paper was
perceived as achromatic. When turning to the CRT, the results indicate that
the observer tried to recreate the appearance of the achromatic paper in
yellowish illumination resulting in a colorimetric match with the hardcopy.
The case 4 experimental conditions resulted in incomplete adaptation to the
tungsten CRT image and a surface mode type match. As was noted in case 1
of experiment 3, the match point is shifted from the standard. This can be
seen more clearly in figure 5.3. As previously discussed, this seems to be a
bias introduced by the vector method.
Experiment 4 differed from experiment 3 in 1 important way. The task of
the observer was now to match the same hardcopy standards to a picture of
them in a scene depicted on the CRT. The results for cases 1, 2, and 4 of
experiment 4 were identical to those of experiment 3 and are summarized in
table 7.4.
In case 3 of experiment 4, the CRT was balanced to tungsten and the
hardcopy was balanced to daylight. The match point for this case is plotted as
an open square in the bottom right plot of figure 7.2. In experiment 3, these
conditions led to a color match shifted from the tungsten point as with an
illuminant mode type match. In case 4 of experiment 4, the match is very
close to the tungsten point as in experiment 2 for a surface mode type match.
The differences between experiments 3 and 4 were the type of image and the
"task" including the instructions given the observer. In both experiments 3
and 4, it is most likely that the observers perceived the hardcopy standards as
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an achromatic paper. This was shown in experiment 2. In experiment 4, the
observers were instructed to correct the color of the paper in the photograph
on the CRT to match the paper on the table. From the results of case 3,
experiment 4, it seems that the presence of cues to surface mode in the
recognizable CRT image combined with the explicit instructions to match the
test patch as a surface caused the observers to make the appearance of the test
patch consistent with the rest of the CRT image. That is, they were able to
account for the overall yellowish cast to the image resulting in a colorimetric
match. Case 3 resulted in incomplete adaptation to the tungsten CRT image
and a colorimetric match that resembled surface mode matching. Since effect
of instructions were not investigated separately from effect of image contents,
which of these is more important can not be determined from the results of
experiment 4.
Normally, surface mode matching implies that observers are able to sense
both object and illumination color as proposed by Helmholtz (1866) and Katz
(1911). In this case, observers were able to sense object color and overall
image balance as originally proposed by Evans (1943). It is not clear whether
this overall image balance is equivalent to perceiving a picture of a
illuminant. Indications are that it is not and the image is simply perceived as
a colored object. In this case, rather than accounting for illumination,
observers adjust for overall image balance. The physical stimulus would be
nearly the same in that all colors in the field of view would be skewed toward
the prevailing illumination or color balance.
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Table 7.4, Summary of experimental factors and results for experiments 3 and 4.
Case
]
CRT
balance
FACTORS
hardcopy
balance
CRT
image
type
Observer
task
(instructions)
symbol of
match point
in figure 7.22
RESULTS
adaptation mode of
appearance
3-1 daylight daylight grid
(exp.3)
choose CRT
grid color
closest to
standard
closed square daylight *
3-2 daylight tungsten grid
(exp.3)
choose CRT
grid color
closest to
standard
closed circle daylightwith
small amount
of tungsten
*
3-3 tungsten daylight grid
(exp3)
choose CRT
grid color
closest to
standard
open square tungsten with
small amount
of daylight
illuminant
3-4 tungsten tungsten grid
(exp3)
choose CRT
grid color
closest to
standard
open circle tungsten surface
4-1 daylight daylight pictorial
scene
(exp4)
correct color of
the CRT image
of the standard
to match the
standard
closed square daylight *
4-2 daylight tungsten pictorial
scene
(exp4)
correct color of
the CRT image
of the standard
to match the
standard
closed circle daylight with
small amount
of tungsten
*
4-3 tungsten daylight pictorial
scene
(exp4)
correct color of
the CRT image
of the standard
to match the
standard
open square tungsten with
small amount
ofdaylight
surface
4-4 tungsten tungsten pictorial
scene
(exp4)
correct color of
the CRT image
of the standard
to match the
standard
open circle tungsten surface
* Adaptation was nearly complete
modes are equivalent. These cases
concluded unequivocally from the
in these cases and thus, results of surface and illuminant
could represent surface mode observations but this can not
results of this research.
be
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In the introduction, studies were discussed where different results were
obtained depending on various experimental conditions. In certain cases, the
results could be explained by sensory mechanisms of adaptation. This was
most typical of stimuli perceived as luminous or in 'illuminant mode.' In
other cases, mechanisms responsible for the results were not clearly
understood and were discussed in terms of 'cognitive' processes where
observers are able to 'account for illumination.' This was most typical of
stimuli perceived as surfaces or in 'surface mode.' Both of these types of
results were noted in this research.
Many of these studies were discussed in the introduction but a short
review is presented here for comparison with the results of this research.
Katz (1911) first categorized perceptions into modes of appearance to aid in
understanding color constancy phenomena. He proposed that modes of
appearance were the result of 'cues' in the visual field**. These were
categorized by the OSA (1938) as attributes of modes of appearance. In this
research, experiments 1 and 3 presented the observer with simple images
consisting of a grid of squares. This image contained few perceptual cues
within the image. In experiment 4, the test image was a pictorial scene
containing many more perceptual cues such as real objects with varying
textures, glossy and mat surfaces, and shadows. In addition, the observers
were instructed that the test patch in the CRT image was a surface to be
matched with the standard. These instructions could be a powerful influence
as was found by Arend and Reeves (1986). The results of the experiments
showed that color constancy with the pictorial CRT image and surface
**
Helmholtz and Katz preferred to use the term
'cues'
rather than clues.'They felt that
"clues' implied that the observers were conscious of them and they believed that cognitive
processes occurred automatically and unconsciously.
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instructions was better than with the simple images and general instructions
concerned only with the color attribute of hue.
Hering (1920), Helson (1938), Judd (1940), and others performed
experiments with surface colors and found that non-selective samples
generally appeared color constant in daylight and tungsten illumination.
They disagreed with cognitive theory and proposed that adaptation alone
could account for color constancy. Soon however, evidence began mounting
that adaptation could be incomplete at times. Recently, Hunt and Winter
(1975), Breneman (1987) and Fairchild (1990) showed that adaptation to
tungsten resulted in incomplete adaptation, as judged by the chromaticities of
achromatic colors. This was also noted in experiment 1.
Evans (1943, 1948), Helson and Grove (1947), Hochberg (1971), Beck (1972),
and Arend and Reeves (1986), among others, discussed the importance of
viewing conditions (including visual cues) and observer attitude on
determining whether objects would be viewed as surfaces or illuminants.
Helson and Grove (1947) had observers match Munsell papers in two light
booths using successive observation. The samples to be matched were
viewed in one booth under varying illumination colors. These samples were
matched to standard colors viewed under daylight in the other booth. In
their results, Helson and Grove report that as expected, non-selective samples
were perceived to be achromatic when viewed under tungsten against a white
background. They were surprized to find however that when black
backgrounds were used, observers reported that the non-selective samples
appeared very yellow (e.g. Munsell 2Y 6/3). Similar results were found by
Godlove (1951). As previously mentioned, Bartleson (1978b, 1979b) compared
different chromatic adaptation transforms proposed through the years by
workers such as Helson (1952), and Burnham et al. (1956). He found that the
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transforms yielded two basic forms of data which he called "type I" and type
II." He described type I results as corresponding to illuminant mode
experiments and type n to surface mode. The interesting part of Bartleson's
classification is that most of the experimenters he compared used
instrumentation with luminous stimuli, even some of those indicated as
surface type.
As described in the introduction to this thesis, Arend and Reeves (1986)
realized that different results, such as those Bartleson found, can be obtained
depending on nature of the visual stimulus and observer instructions. They
tested how different types of CRT test images and different observer
instructions would affect color constancy. They found that with images
consisting of geometric patterns (Mondrians), changing observer's
instructions had a large effect. When observers were instructed to make
matches in terms of hue, lightness, and saturation, the results were similar to
other illuminant mode experiments. When they informed observers to
make matches as though the sample and standard were cut from the same
piece of paper, the results were more like a surface mode experiment.
Similar to the classification of Bartleson and the results of Arend and
Reeves, the results of this experiment were highly dependent on type of
image and the task of the observer. In experiment 1, simple geometric CRT
images were used and observers were instructed to make achromatic matches
with zero hue content. In this case, achromatic matches were not
colorimetric matches with the adapting stimuli when adaptation was
incomplete as is typically the case with illuminant mode experiments. In
experiment 2, the same type of geometric images used in experiment 1 were
duplicated in hardcopy. This time, achromatic matches were always
colorimetrically equal to the adapting stimulus regardless of state of
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adaptation as one would expect for surface colors. In experiment 3, the task
was changed to CRT-hardcopy matching. In this case, results obtained with a
tungsten balanced CRT image and tungsten ambient were like those obtained
with surface colors of experiment 2 rather than the CRT colors of experiment
1. In experiment 4, the task was changed even further to include pictorial
images and explicit instructions to match the surface color. This time, all
matches were made as if in surface mode.
8. Conclusions
8.1 Summary
The purpose of this thesis was to obtain experimental data on the factors
that affect achromatic perception with CRT and hardcopy displays. This
research was proposed because this type of data is important and currently
needed for developing better color reproduction methodology and aiding in
our understanding of adaptation and mode of appearance phenomena. Four
experiments were carried out to obtain data under a number of different
conditions commonly encountered in color reproduction and vision
research.
In experiment 1, subjective achromatic match points were determined for
daylight (6000K) and tungsten (2700K) balanced CRT images viewed with
daylight and tungsten ambient illumination and in a dark room. Two
purposes of this experiment were to examine the influence of the
surrounding room on state of adaptation during image viewing and to
examine the degree of adaptation to tungsten and daylight. The match points
show that adaptation was controlled almost exclusively by image areas. In
addition, adaptation to daylight balanced images was found to be nearly
complete while for tungsten balanced CRT images it was found to be
incomplete. The chromaticities of achromatic colors colorimetrically
matched the daylight balance but were shifted in the direction of higher color
temperatures for the tungsten balance.
In experiment 2, subjective achromatic match points were determined for
hardcopy images viewed under daylight and tungsten illumination. One
purpose of this experiment was to determine whether the switch from CRT
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image to hardcopy image made a difference in the achromatic matches. The
hardcopy images were carefully constructed to closely match the CRT images
of experiment 1 in size, surround, and colorimetry. The results from
experiment 2 were slightly different than those of experiment 1. This time,
the chromaticities of achromatic colors in tungsten balanced images (from
tungsten illumination) were found to colorimetrically match the illuminant.
Because the hardcopy images were close colorimetric matches to the CRT
images, it was assumed that the physical stimulus reaching the observers was
the same for both. The difference in the results was therefore attributed to a
change in mode of appearance from 'illuminant mode' for the CRT to
'surface mode' for the hardcopy. Accepted theory explaining the difference in
visual processing resulting from this change in mode of appearance was not
found in the literature. Many references to this type of effect simply refer to a
generic 'discounting of
illumination.' Two prevailing hypotheses have been
multiple adaptive mechanisms, an idea dating back to Hering, and
unconscious inference using visual cues, a hypothesis originally proposed by
Helmholtz and enhanced, reworked, and restated many times since. The
most promising hypotheses today propose both sensory and cognitive
mechanisms working together. These have been found to be sufficiently
complex to be beyond the scope of this thesis.
In experiment 3, observers matched CRT colors to a hardcopy standard.
The CRT balance and room illumination were varied between daylight and
tungsten. A purpose of this experiment was to examine how this task affected
achromatic color matches and by inference, adaptation and mode of
appearance. The results of this experiment showed that when adaptation was
incomplete, achromatic matches were not color constant unless the CRT
balance matched the ambient illumination. For the task performed,
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adaptation was found to be mainly determined by the CRT image and was
incomplete for tungsten CRT balances as was the case with experiment 1.
In experiments 1, 2, and 3, the test images all consisted of 2 squares on an
adapting background. In experiment 4, a still life scene with objects such as
fruit, and books was digitized and used on the CRT. In this experiment,
observers again matched CRT colors to a hardcopy standard. This time, the
CRT contained a picture of the hardcopy standard and the observers were
instructed to adjust the color of this picture until it matched the actual object
(standard) on the table. Unlike experiments 1, and 3, all results of experiment
4 showed good color constancy in that all the match points were
colorimetrically equal to the CRT image balance. In this respect, the results of
experiment 4 were similar to those of experiment 2 for surface colors.
The results of these experiments show that for CRT images, adaptation
alone is insufficient to insure that achromatic colors will colorimetrically
match the adapting stimulus as is typically noticed for non-selective surface
colors. This is generally true when adaptation is incomplete as has been
shown for 2700K stimuli. In this case, achromatic colors are also dependent
on other factors affecting the attitude of the observer such as the presence of
visual
'cues'
or attributes of surface mode as was found in experiment 4,
instructions given the observers as noted by Arend and Reeves (1986), or
even extensive training as discussed by Burnham, Evans, and Newhall (1956).
These results have important implications for visual experiments where CRT
displays are used to simulate surface colors. Experimenters must be sure to
use visual attributes of surface mode colors, training, and specific instructions
to insure proper responses.
These results also provide important information for color reproduction
with soft and hardcopy displays. When CRT images were balanced to match
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the 6000K daylight, achromatic colors in those images were found to match
daylight. This was true for CRTs viewed alone and matched to hardcopy
under daylight or tungsten. This supports the current trend to balance CRT
images to D65. It also indicates that CRT images can be left at D65 and do not
have to be adjusted to account for the viewing conditions of hardcopy in
order to have good neutral scales. Since adaptation to D65 is complete, an
added benefit is that different types of images, such as simple business
graphics and portraits, will have consistent neutrals. This research has
shown that CRT balances resulting in incomplete adaptation can result in
shifting modes of appearance depending on image content. This shifting was
not noticed for daylight balances because of complete adaptation.
It is also important to note that ambient illumination had little effect on
adaptation during image viewing. This implies that for prolonged tasks, such
as was performed in this research, desk top systems without controlled
surrounds would be practical for accurate color reproduction. This area
requires further investigation, especially for tone reproduction, image
brightness and image saturation.
The results of this thesis also imply that it would be difficult to achieve
consistent results with a chromatic CRT color balance such as tungsten.
Tungsten balanced CRT images were used in three experiments and in each
case, different results were obtained. These differences were found to be very
dependent on the type of image used and the attitude of the observer.
The main purpose of this experiment was to obtain psychophysical data on
the perception of achromatic colors in image displays. Four experiments were
run where data was collected for a small number of observers. These results
have proved to be very helpful in indicating the importance of controlling
CRT color balance and image type for various applications. They have shown
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that daylight balanced images can result in very consistent results and
tungsten balanced images can yield unpredictable results. Obviously, more
research on the perception of images is needed.
Many studies have been performed in the past concerning the effect of
visual cues on mode of appearance. Most of these studies have been
questioned because of problems in experimental technique. For example, this
research only used 3 observers and a very simple, non-random design. While
this was important for an exploratory work, future studies could benefit from
increased attention to details and a smaller scope. There is also a surprizing
lack of research where observers actually matched illuminant color. This
would be especially useful since discounting theories imply that observers can
perceive illumination color. Observer instructions and training are also
important and were not investigated in detail separately from purely visual
cues in this research.
One necessary but major limitation of this thesis was its concentration on
achromatic colors. There is a tremendous need for research on chromatic
colors and different luminance levels as well. This would include many
problems such as thresholds and acceptability for image balance, color shifts
in certain areas of color space, gamut mapping, memory matching, and tone
reproduction for hardcopy matching.
This research was also limited in that only two illuminant colors were
studied. Two popular illuminant color temperatures that would be very
interesting to examine are 9300K and 5000K. For example, it would be
helpful, especially in the printing industry, to know whether CRTs balanced
to D5000 would appear satisfactory and if adaptation would be complete
enough to insure stable neutrals when compared to hardcopy viewed in the
same color temperature.
8. Conclusion 151
This thesis has barely scratched the surface of the considerable literature
on the physiology of the visual system, perception, psychophysics, and color
science. Above all, this vast store will be a continual starting place for projects
to come.
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Appendix A. ColorimetricData For NearGray Photographic
Paper Set. (Y cd/m* = 4.5 Y ).
Scan 2: NG2
T 5.4105 4.9354 1.4542 0.4585
CWF 6.8828 7.2262 3.1931 0.3978
DF 5.4083 5.9195 5.4350 0.3226
Scan 3: NG3
T 4.6837 4.2049 0.9868 0.4743
CWF 5.8660 6.1591 2.1077 0.4151
DF 4.5089 4.9560 3.6169 0.3447
Scan 4: NG4
T 4.1628 3.7973 1.2437 0.4523
CWF 5.3507 5.5524 2.7645 0.3915
DF 4.2325 4.5683 4.6896 0.3137
Scan 5: NG5
T 3.9781 3.5627 1.1191 0.4594
CWF 5.0506 5.1826 2.4823 0.3972
DF 3.9850 4.2389 4.2141 0.3204
Scan 6: NG6
T 4.3026 3.7662 0.9507 0.4770
CWF 5.3280 5.4573 2.0627 0.4147
DF 4.1364 4.3928 3.5250 0.3431
Scan 7: NG7
T 4.2826 3.7412 1.0629 0.4713
CWF 5.3239 5.4041 2.3439 0.4073
DF 4.1812 4.3794 3.9870 0.3332
Scan 8: NG8
T 4.6224 4.2236 1.3944 0.4514
CWF 5.9337 6.1713 3.1057 0.3901
DF 4.7093 5.0912 5.2653 0.3126
Scan 9: NG9
T 5.2393 4.8819 1.4301 0.4536
CWF 6.7419 7.1917 3.1301 0.3951
DF 5.2800 5.9135 5.3326 0.3195
Scan 10: NG10
T 4.3882 3.9560 1.2517 0.4573
CWF 5.5817 5.7623 2.7762 0.3953
DF 4.4130 4.7273 4.7137 0.3185
Scan 11: NG11
T 4.1736 3.8059 1.1293 0.4582
CWF 5.3332 5.5749 2.4737 0.3985
DF 4.1737 4.5582 4.2142 0.3224
Scan 12: NG12
T 3.5757 3.3562 0.9504 0.4536
CWF 4.6515 4.9705 2.0340 0.3991
DF 3.5887 4.0601 3.4888 0.3222
Scan 13:
T 3.4282 3.1038 1.0082 0.4547
CWF 4.4012 4.5317 2.2303 0.3943
DF 3.4664 3.7130 3.7899 0.3160
0.4183 0.1232
0.4176 0.1846
0.3531 0.3242
0.4258 0.0999
0.4358 0.1491
0.3788 0.2765
0.4126 0.1351
0.4062 0.2023
0.3386 0.3476
0.4114 0.1292
0.4076 0.1952
0.3408 0.3388
0.4176 0.1054
0.4248 0.1605
0.3644 0.2924
0.4117 0.1170
0.4134 0.1793
0.3490 0.3178
0.4124 0.1362
0.4057 0.2042
0.3379 0.3495
0.4226 0.1238
0.4215 0.1834
0.3578 0.3227
0.4123 0.1304
0.4081 0.1966
0.3412 0.3402
0.4178 0.1240
0.4166 0.1849
0.3521 0.3255
0.4258 0.1206
0.4264 0.1745
0.3645 0.3132
0.4116 0.1337
0.4060 0.1998
0.3385 0.3455
u'
0.2582 0.5300
0.2205 0.5209
0.1958 0.4821
0.2649 0.5351
0.2244 0.5301
0.2011 0.4973
0.2568 0.5270
0.2208 0.5155
0.1950 0.4735
0.2618 0.5276
0.2239 0.5169
0.1987 0.4756
0.2704 0.5326
0.2282 0.5260
0.2053 0.4905
0.2694 0.5295
0.2280 0.5206
0.2044 0.4816
0.2562 0.5268
0.2201 0.5151
0.1945 0.4730
0.2532 0.5309
0.2175 0.5219
0.1920 0.4839
0.2601 0.5276
0.2225 0.5168
0.1973 0.4756
0.2582 0.5298
0.2213 0.5206
0.1960 0.4816
0.2519 0.5321
0.2181 0.5244
0.1915 0.4875
0.2587 0.5270
0.2227 0.5158
0.1966 0.4738
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Scan 14: ng14
T 3.2254 2.9643 0.9305 0.4530 0.4163 0.1307 0.2556 0.5285
CWF 4.1742 4.3540 2.0351 0.3952 0.4122 0.1927 0.2209 0.5184
DF 3.2622 3.5647 3.4695 0.3168 0.3462 0.3370 0.1943 0.4778
Scan 15: ng15
T 3.6284 3.0919 0.8895 0.4768 0.4063 0.1169 0.2755 0.5283
CWF 4.4685 4.4323 1.9611 0.4114 0.4081 0.1805 0.2326 0.5192
DF 3.5107 3.5687 3.3365 0.3371 0.3426 0.3203 0.2094 0.4790
Scan 16: NG16
T 4.2795 3.8047 1.1279 0.4646 0.4130 0.1224 0.2644 0.5290
CWF 5.3876 5.5265 2.4913 0.4019 0.4123 0.1858 0.2250 0.5194
DF 4.2361 4.5008 4.2347 0.3266 0.3470 0.3265 0.2006 0.4796
Scan 17: NG17
T 3.6968 3.2942 1.0396 0.4603 0.4102 0.1295 0.2630 0.5273
CWF 4.6880 4.7857 2.3047 0.3980 0.4063 0.1957 0.2249 0.5165
DF 3.6970 3.9077 3.9139 0.3210 0.3393 0.3398 0.1997 0.4749
Scan 18: NG1t
T 3.8847 3.4855 0.9978 0.4642 0.4165 0.1192 0.2627 0.5302
CWF 4.9219 5.0875 2.1711 0.4041 0.4177 0.1782 0.2244 0.5218
DF 3.8353 4.1306 3.7067 0.3286 0.3539 0.3176 0.1995 0.4833
Scan 19: NG19
T 4.2787 3.9236 1.1049 0.4597 0.4216 0.1187 0.2576 0.5314
CWF 5.4687 5.7637 2.4051 0.4010 0.4226 0.1764 0.2206 0.5232
DF 4.2562 4.7019 4.1051 0.3258 0.3599 0.3142 0.1955 0.4858
Scan 20: NG20
T 4.2230 3.7525 1.1653 0.4620 0.4105 0.1275 0.2639 0.5276
CWF 5.3284 5.4451 2.5904 0.3987 0.4074 0.1938 0.2249 0.5171
DF 4.2099 4.4466 4.3948 0.3226 0.3407 0.3367 0.2002 0.4759
Scan 21: NG21
T 4.0357 3.6227 1.0787 0.4619 0.4146 0.1235 0.2620 0.5292
CWF 5.1161 5.2806 2.3767 0.4005 0.4134 0.1861 0.2238 0.5197
DF 4.0128 4.3043 4.0429 0.3247 0.3482 0.3271 0.1989 0.4800
Scan 22: NG22
T 4.5547 4.0916 1.1371 0.4656 0.4182 0.1162 0.2627 0.5311
CWF 5.7490 5.9750 2.4759 0.4049 0.4208 0.1744 0.2237 0.5231
DF 4.4827 4.8520 4.2249 0.3306 0.3578 0.3116 0.1994 0.4855
Scan 23: NG23
T 3.4564 3.1484 1.0384 0.4522 0.4119 0.1359 0.2570 0.5267
CWF 4.4562 4.6054 2.2993 0.3922 0.4054 0.2024 0.2216 0.5153
DF 3.5136 3.7809 3.9051 0.3137 0.3376 0.3487 0.1954 0.4730
Scan 24: NG24
T 4.3133 3.9380 0.9980 0.4663 0.4258 0.1079 0.2599 0.5339
CWF 5.4742 5.7902 2.1395 0.4084 0.4320 0.1596 0.2218 0.5277
DF 4.2191 4.6894 3.6678 0.3355 0.3729 0.2916 0.1972 0.4933
Scan 25: NG25
T 4.3281 4.0186 1.2123 0.4528 0.4204 0.1268 0.2537 0.5300
CWF 5.5939 5.9215 2.6419 0.3951 0.4183 0.1866 0.2186 0.5207
DF 4.3708 4.8562 4.5073 0.3182 0.3536 0.3282 0.1927 0.4817
Scan 26: NG26
T 3.6540 3.3204 1.0476 0.4555 0.4139 0.1306 0.2582 0.5280
CWF 4.6868 4.8553 2.3086 0.3955 0.4097 0.1948 0.2220 0.5175
DF 3.6830 3.9758 3.9267 0.3179 0.3432 0.3389 0.1962 0.4765
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Scan 27: NG27
T 4.4369 4.0727
CWF 5.7229 5.9694
DF 4.5218 4.9140
Scan 28: NG28
T 3.9330 3.4632
CWF 4.8947 5.0337
DF 3.7817 4.0453
Scan 29: NG29
T 5.1350 4.6142
CWF 6.5239 6.6985
DF 5.2217 5.5291
Scan 30: NG30
T 4.5568 4.0959
CWF 5.7873 5.9654
DF 4.5704 4.8841
Scan 31: NG3
T 3.9337 3.4612
CWF 4.8936 5.0278
DF 3.7837 4.0427
Scan 32: NG32
T 3.9758 3.5688
CWF 5.0408 5.2044
DF 3.9481 4.2389
Scan 33: NG33
T 4.0781 3.5921
CWF 5.0966 5.2068
DF 3.9889 4.2194
Scan 34: NG34
T 4.5384 4.1612
CWF 5.8589 6.0828
DF 4.6751 5.0364
Scan 35: NG35
T 4.0398 3.5608
CWF 5.0301 5.1796
DF 3.8855 4.1614
Scan 36: NG36
T 4.5683 4.0563
CWF 5.7317 5.8809
DF 4.5213 4.8005
Scan 37: NG37
T 5.3532 5.1479
CWF 7.0524 7.6415
DF 5.5565 6.3532
Scan 38: NG38
T 3.6307 3.2892
CWF 4.6078 4.8283
DF 3.5441 3.8983
Scan 39: NG39
T 4.1770 3.6427
CWF 5.1695 5.2787
DF 4.0043 4.2357
1.3367 0.4506 0.4136 0.1358
2.9548 0.3907 0.4075 0.2017
5.0197 0.3128 0.3399 0.3473
0.8612 0.4763 0.4194 0.1043
1.8571 0.4153 0.4271 0.1576
3.1794 0.3436 0.3675 0.2889
1.5643 0.4539 0.4078 0.1383
3.5228 0.3896 0.4000 0.2104
5.9518 0.3126 0.3310 0.3563
1.2859 0.4585 0.4121 0.1294
2.8463 0.3964 0.4086 0.1950
4.8343 0.3199 0.3418 0.3383
0.8668 0.4761 0.4189 0.1049
1.8687 0.4151 0.4264 0.1585
3.1997 0.3432 0.3666 0.2902
1.0542 0.4624 0.4150 0.1226
2.3172 0.4013 0.4143 0.1845
3.9445 0.3254 0.3494 0.3251
1.0109 0.4698 0.4138 0.1165
2.2190 0.4070 0.4158 0.1772
3.7789 0.3328 0.3520 0.3152
1.4489 0.4472 0.4100 0.1428
3.2471 0.3857 0.4005 0.2138
5.4937 0.3075 0.3312 0.3613
0.8826 0.4762 0.4197 0.1040
1.9036 0.4153 0.4276 0.1571
3.2591 0.3437 0.3681 0.2883
1.2082 0.4646 0.4125 0.1229
2.6724 0.4012 0.4117 0.1871
4.5408 0.3262 0.3463 0.3276
1.6715 0.4398 0.4229 0.1373
3.6653 0.3841 0.4162 0.1996
6.2390 0.3062 0.3501 0.3438
0.8414 0.4678 0.4238 0.1084
1.8035 0.4100 0.4296 0.1605
3.0928 0.3364 0.3700 0.2936
0.9124 0.4784 0.4172 0.1045
1.9692 0.4163 0.4251 0.1586
3.3712 0.3449 0.3648 0.2903
0.2552 0.5271
0.2198 0.5159
0.1939 0.4741
0.2691 0.5331
0.2277 0.5270
0.2044 0.4920
0.2599 0.5254
0.2220 0.5128
0.1970 0.4694
0.2609 0.5277
0.2230 0.5172
0.1980 0.4761
0.2692 0.5329
0.2278 0.5267
0.2045 0.4915
0.2621 0.5294
0.2239 0.5201
0.1990 0.4807
0.2674 0.5300
0.2269 0.5215
0.2030 0.4830
0.2546 0.5252
0.2193 0.5124
0.1934 0.4687
0.2689 0.5332
0.2275 0.5271
0.2043 0.4923
0.2647 0.5288
0.2249 0.5191
0.2006 0.4792
0.2445 0.5290
0.2126 0.5184
0.1859 0.4782
0.2617 0.5335
0.2236 0.5271
0.1988 0.4921
0.2714 0.5326
0.2291 0.5264
0.2063 0.4909
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Scan 40: NG40
T 3.7171 3.4772
CWF 4.8757 5.1211
DF 3.8571 4.2404
Scan 41: NG41
T 5.2534 4.8487
CWF 6.7714 7.1087
DF 5.3733 5.8744
Scan 42: NG42
T 4.7215 4.2990
CWF 5.9879 6.3035
DF 4.6550 5.1286
Scan 43: NG43
T 3.7089 3.3907
CWF 4.7757 4.9673
DF 3.7538 4.0740
Scan 44: NG44
T 4.0895 3.7705
CWF 5.2437 5.5535
DF 4.0630 4.5237
Scan 45: NG45
T 4.3427 4.0132
CWF 5.6631 5.8717
DF 4.5527 4.8930
Scan 46: NG46
T 3.9845 3.4929
CWF 4.9371 5.0768
DF 3.7988 4.0626
Scan 47: NG47
T 3.8202 3.4827
CWF 4.8651 5.1161
DF 3.7551 4.1476
Scan 48: NG48
T 3.8811 3.5446
CWF 5.0176 5.1794
DF 3.9944 4.2784
Scan 49: NG49
T 3.7026 3.3933
CWF 4.7813 4.9693
DF 3.7717 4.0884
Scan 50: NG50
T 3.4195 3.2058
CWF 4.4913 4.7286
DF 3.5384 3.9085
Scan 51: NG51
T 4.8643 4.4068
CWF 6.1452 6.4505
DF 4.7830 5.2453
Scan 52: NG52
T 4.0798 3.7324
CWF 5.2706 5.4541
DF 4.1959 4.5090
1.2137 0.4421
2.6806 0.3846
4.5547 0.3049
1.5979 0.4490
3.5476 0.3885
6.0182 0.3112
1.1589 0.4638
2.5176 0.4043
4.2998 0.3305
1.0791 0.4535
2.3784 0.3940
4.0448 0.3162
1.0376 0.4596
2.2452 0.4021
3.8389 0.3270
1.5102 0.4402
3.4053 0.3791
5.7497 0.2996
0.8212 0.4801
1.7598 0.4193
3.0185 0.3492
0.9216 0.4645
1.9812 0.4067
3.3949 0.3324
1.2416 0.4478
2.7793 0.3867
4.7047 0.3078
1.1166 0.4509
2.4704 0.3912
4.1956 0.3129
1.0985 0.4427
2.4130 0.3861
4.1068 0.3063
0.4136 0.1444
0.4040 0.2114
0.3352 0.3600
0.4144 0.1366
0.4079 0.2036
0.3402 0.3486
0.4223 0.1138
0.4257 0.1700
0.3642 0.3053
0.4146 0.1319
0.4098 0.1962
0.3431 0.3407
0.4238 0.1166
0.4258 0.1721
0.3641 0.3090
0.4068 0.1531
0.3930 0.2279
0.3220 0.3784
0.4209 0.0990
0.4312 0.1495
0.3734 0.2774
0.4235 0.1121
0.4277 0.1656
0.3671 0.3005
0.4090 0.1432
0.3991 0.2142
0.3297 0.3625
0.4132 0.1360
0.4066 0.2021
0.3391 0.3480
0.4151 0.1422
0.4065 0.2074
0.3383 0.3555
0.2498 0.5258
0.2173 0.5136
0.1902 0.4704
0.2539 0.5272
0.2184 0.5158
0.1927 0.4740
0.2598 0.5323
0.2216 0.5248
0.1971 0.4885
0.2566 0.5279
0.2210 0.5173
0.1950 0.4762
0.2566 0.5322
0.2201 0.5246
0.1948 0.4880
0.2515 0.5229
0.2179 0.5083
0.1913 0.4626
0.2709 0.5342
0.2287 0.5290
0.2059 0.4955
0.2598 0.5328
0.2223 0.5259
0.1972 0.4902
0.2554 0.5249
0.2204 0.5120
0.1942 0.4680
0.2556 0.5270
0.2205 0.5157
0.1942 0.4737
0.2496 0.5265
0.2173 0.5149
0.1900 0.4723
1.1839 0.4653 0.4215 0.1132 0.2611 0.5322
2.5738 0.4051 0.4252 0.1697 0.2222 0.5248
4.3945 0.3316 0.3637 0.3047 0.1980 0.4885
1.2970 0.4479 0.4097 0.1424 0.2552 0.5252
2.9022 0.3868 0.4002 0.2130 0.2201 0.5124
4.9129 0.3081 0.3311 0.3608 0.1939 0.4688
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Scan 53: NG53
T 3.7897 3.4370 1.1606
CWF 4.8704 5.0145 2.5870
DF 3.8620 4.1259 4.3848
Scan 54: NG54
T 3.6377 3.2790 1.0179
CWF 4.6408 4.7835 2.2446
DF 3.6453 3.9084 3.8173
Scan 55: NG55
T 4.1957 3.7455 1.1601
CWF 5.3055 5.4420 2.5723
DF 4.1876 4.4476 4.3676
Scan 56: NG56
T 3.8719 3.4479 1.0658
CWF 4.8966 5.0076 2.3601
DF 3.8586 4.0872 4.0093
Scan 57: NG57
T 3.7946 3.3970 1.0317
CWF 4.8113 4.9446 2.2748
DF 3.7788 4.0329 3.8689
Scan 58: NG58
T 4.1861 3.9012 1.4874
CWF 5.4925 5.7208 3.3508
DF 4.4156 4.7777 5.6596
Scan 59: NG59
T 4.2421 3.9072 1.2750
CWF 5.4739 5.7269 2.8257
DF 4.3265 4.7224 4.7970
Scan 60: NG60
T 4.9919 4.4918 1.3649
CWF 6.3213 6.5468 3.0146
DF 4.9845 5.3546 5.1227
Scan 61: NG61
T 4.4395 4.0770 1.3876
CWF 5.7379 5.9712 3.0812
DF 4.5537 4.9292 5.2264
Scan 62: NG62
T 4.4546 4.0763 1.0228
CWF 5.6629 6.0055 2.1835
DF 4.3563 4.8570 3.7479
Scan 63: NG63
T 4.7601 4.3579 1.3340
CWF 6.0955 6.3874 2.9311
DF 4.7912 5.2373 4.9878
Scan 64: NG64
T 4.3996 4.0029 1.1708
CWF 5.6050 5.8592 2.5676
DF 4.3869 4.7868 4.3720
Scan 65: NG65
T 3.6971 3.3806 1.0494
CWF 4.7534 4.9540 2.3046
DF 3.7263 4.0580 3.9236
0.4518 0.4098
0.3905 0.4021
0.3121 0.3335
0.4585 0.4133
0.3977 0.4099
0.3206 0.3437
0.4610 0.4115
0.3983 0.4086
0.3221 0.3421
0.4617 0.4112
0.3993 0.4083
0.3228 0.3419
0.4615 0.4131
0.3999 0.4110
0.3235 0.3453
0.4372 0.4074
0.3771 0.3928
0.2973 0.3217
0.4501 0.4146
0.3903 0.4083
0.1384 0.2577 0.5258
0.2074 0.2218 0.5137
0.3544 0.1958 0.4706
0.1283 0.2604 0.5281
0.1924 0.2233 0.5179
0.3357 0.1978 0.4771
0.1275 0.2628 0.5279
0.1931 0.2242 0.5175
0.3359 0.1994 0.4765
0.1271 0.2634 0.5278
0.1924 0.2249 0.5175
0.3354 0.1999 0.4765
0.1255 0.2624 0.5285
0.1891 0.2243 0.5186
0.3312 0.1992 0.4783
0.1553 0.2493 0.5227
0.2301 0.2168 0.5080
0.3810 0.1898 0.4621
0.1353 0.2545 0.5274
0.2015 0.2193 0.5162
0.3125 0.3411 0.3465 0.1932 0.4746
0.4601 0.4140 0.1258 0.2611 0.5287
0.3980 0.4122 0.1898 0.2226 0.5188
0.3224 0.3463 0.3313 0.1981 0.4787
0.4482 0.4117 0.1401 0.2546 0.5260
0.3879 0.4037 0.2083 0.2195 0.5140
0.3096 0.3351 0.3553 0.1934 0.4711
0.4663 0.4267 0.1071 0.2595 0.5343
0.4088 0.4336 0.1576 0.2214 0.5284
0.3361 0.3747 0.2892 0.1970 0.4942
0.4554 0.4169 0.1276 0.2569 0.5291
0.3955 0.4144 0.1902 0.2203 0.5193
0.3191 0.3488 0.3322 0.1949 0.4794
0.4596 0.4181 0.1223 0.2590 0.5301
0.3994 0.4176 0.1830 0.2215 0.5211
0.3239 0.3534 0.3228 0.1965 0.4824
0.4549 0.4160 0.1291 0.2570 0.5286
0.3957 0.4124 0.1919 0.2211 0.5186
0.3183 0.3466 0.3351 0.1952 0.4782
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Scan 66: NG66
T 3.8553 3.4818 1.1237 0.4557 0.4115
CWF 4.9279 5.0773 2.4942 0.3943 0.4062
DF 3.8924 4.1636 4.2327 0.3167 0.3388
Scan 67: NG67
T 3.5984 3.2402 0.8164 0.4701 0.4233
CWF 4.5483 4.7478 1.7466 0.4119 0.4299
DF 3.4962 3.8260 2.9977 0.3388 0.3707
Scan 68: NG68
T 4.4597 4.1325 1.4830 0.4426 0.4102
CWF 5.8052 6.0566 3.3280 0.3822 0.3987
DF 4.6405 5.0334 5.6287 0.3032 0.3289
Scan 69: NG6S
T 3.9232 3.6136 1.1948 0.4493 0.4139
CWF 5.0742 5.2971 2.6451 0.3898 0.4070
DF 4.0086 4.3673 4.4922 0.3115 0.3394
Scan 70: NG7C1
T 3.7815 3.3815 1.0937 0.4580 0.4095
CWF 4.8098 4.9157 2.4337 0.3956 0.4043
DF 3.8037 4.0240 4.1279 0.3182 0.3366
Scan 71: NG71
T 4.5597 4.1544 1.1509 0.4622 0.4211
CWF 5.7926 6.0884 2.5039 0.4027 0.4232
DF 4.5121 4.9622 4.2742 0.3282 0.3609
Scan 72: NG72
T 4.0053 3.6789 1.1382 0.4540 0.4170
CWF 5.1554 5.3987 2.5022 0.3949 0.4135
DF 4.0442 4.4272 4.2588 0.3177 0.3478
Scan 73: NG73
T 3.6929 3.2926 0.9785 0.4637 0.4134
CWF 4.6699 4.7891 2.1523 0.4022 0.4125
DF 3.6589 3.8965 3.6634 0.3261 0.3473
Scan 74: NG74
T 4.0139 3.6223 1.2137 0.4536 0.4093
CWF 5.1370 5.2773 2.7126 0.3913 0.4020
DF 4.0787 4.3387 4.5943 0.3135 0.3334
Scan 75: NG75
T 3.5451 3.2279 1.0816 0.4513 0.4110
CWF 4.5696 4.7166 2.4004 0.3910 0.4036
DF 3.6127 3.8797 4.0746 0.3123 0.3354
Scan 76: NG76
T 3.7301 3.3503 1.0020 0.4615 0.4145
CWF 4.7375 4.8848 2.2020 0.4007 0.4131
DF 3.7108 3.9806 3.7493 0.3244 0.3479
Scan 77: NG77
T 5.0861 4.6321 1.5447 0.4516 0.4113
CWF 6.5161 6.7647 3.4412 0.3897 0.4045
DF 5.1833 5.5789 5.8313 0.3124 0.3362
Scan 78: NG78
T 4.0481 3.7302 1.0278 0.4597 0.4236
CWF 5.1902 5.4923 2.2223 0.4022 0.4256
DF 4.0208 4.4742 3.8007 0.3270 0.3639
0.1328 0.2594 0.5271
0.1995 0.2226 0.5159
0.3444 0.1970 0.4741
0.1067 0.2634 0.5336
0.1582 0.2246 0.5275
0.2905 0.2001 0.4928
0.1472 0.2516 0.5246
0.2191 0.2178 0.5112
0.3678 0.1913 0.4669
0.1368 0.2543 0.5270
0.2032 0.2195 0.5156
0.3491 0.1932 0.4736
0.1325 0.2618 0.5267
0.2002 0.2241 0.5154
0.3453 0.1988 0.4731
0.1167 0.2593 0.5316
0.1741 0.2215 0.5237
0.3109 0.1967 0.4867
0.1290 0.2559 0.5289
0.1916 0.2202 0.5189
0.3345 0.1944 0.4787
0.1229 0.2637 0.5290
0.1854 0.2252 0.5195
0.3265 0.2002 0.4798
0.1371 0.2590 0.5259
0.2066 0.2223 0.5138
0.3531 0.1967 0.4708
0.1377 0.2569 0.5262
0.2054 0.2215 0.5144
0.3523 0.1952 0.4717
0.1240 0.2618 0.5291
0.1862 0.2240 0.5196
0.3277 0.1988 0.4798
0.1371 0.2569 0.5264
0.2058 0.2203 0.5146
0.3514 0.1949 0.4721
0.1167 0.2567 0.5322
0.1722 0.2203 0.5245
0.3091 0.1949 0.4879
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Scan 79: NG79
T 4.1733 3.7720
CWF 5.2843 5.5252
DF 4.0938 4.4758
Scan 80: NG80
T 3.8349 3.6192
CWF 5.0734 5.3298
DF 4.0618 4.4546
Scan 81: NG81
T 3.2807 2.9933
CWF 4.1871 4.4094
DF 3.2014 3.5532
Scan 82: NG82
T 3.3563 3.0640
CWF 4.3440 4.4826
DF 3.4355 3.6886
Scan 83: NG83
T 2.8276 2.6511
CWF 3.6911 3.9273
DF 2.8399 3.2023
Scan 84: NG84
T 3.6705 3.3333
CWF 4.7145 4.8704
DF 3.7200 3.9963
Scan 85: NG85
T 4.3587 3.9820
CWF 5.5340 5.8547
DF 4.2713 4.7466
Scan 86: NG86
T 3.8008 3.5392
CWF 4.9139 5.2239
DF 3.8095 4.2704
Scan 87: NG87
T 4.4954 4.1256
CWF 5.7417 6.0707
DF 4.4518 4.9390
Scan 88: NG88
T 4.4530 4.0723
CWF 5.7162 5.9646
DF 4.5033 4.8975
Scan 89: NG89
T 3.8152 3.4786
CWF 4.8606 5.1091
DF 3.7548 4.1441
Scan 90: NG90
T 3.8821 3.4850
CWF 4.9080 5.0975
DF 3.7977 4.1193
Scan 91: NG91
T 4.1191 3.7590
CWF 5.3293 5.4813
DF 4.2776 4.5502
1.0038
2.1751
3.7177
1.3737
3.0767
5.2063
0.7499
1.5930
2.7397
0466
3243
9442
.7561
6205
.7798
1.0875
2.4094
4.0915
1.0200
2.1906
3.7538
1.0102
2.1832
3.7347
1.1258
2.4306
4.1588
1.2888
2.8381
4.8273
0.9270
1.9982
3.4207
0.9320
2.0103
3.4413
1.3854
3.1228
5.2743
0.4663 0.4215 0.1122
0.4070 0.4255 0.1675
0.3332 0.3643 0.3026
0.4344 0.4100 0.1556
0.3764 0.3954 0.2282
0.2960 0.3246 0.3794
0.4671 0.4262 0.1068
0.4109 0.4327 0.1563
0.3372 0.3742 0.2886
0.4495 0.4103 0.1402
0.3896 0.4020 0.2084
0.3104 0.3333 0.3563
0.4535 0.4252 0.1213
0.3995 0.4251 0.1754
0.3219 0.3630 0.3151
0.4536 0.4120 0.1344
0.3931 0.4061 0.2009
0.3150 0.3384 0.3465
0.4656 0.4254 0.1090
0.4075 0.4311 0.1613
0.3344 0.3716 0.2939
0.2618 0.5324
0.2232 0.5252
0.1988 0.4890
0.2464 0.5233
0.2153 0.5089
0.1878 0.4635
0.2602 0.5342
0.2230 0.5284
0.1979 0.4941
0.2559 0.5257
0.2212 0.5136
0.1947 0.4702
0.2521 0.5318
0.2189 0.5239
0.1918 0.4867
0.2579 0.5269
0.2219 0.5157
0.1959 0.4736
0.2596 0.5337
0.2215 0.5273
0.1970 0.4925
0.4552 0.4238 0.1210 0.2537 0.5316
0.3988 0.4240 0.1772 0.2188 0.5234
0.3224 0.3614 0.3161 0.1927 0.4861
0.4612 0.4233 0.1155 0.2578 0.5323
0.4031 0.4262 0.1707 0.2206 0.5249
0.3286 0.3645 0.3069 0.1957 0.4884
0.4537 0.4149 0.1313 0.2566 0.5281
0.3937 0.4108 0.1955 0.2205 0.5177
0.3165 0.3442 0.3393 0.1948 0.4768
0.4641 0.4231 0.1128 0.2596 0.5327
0.4061 0.4269 0.1670 0.2222 0.5256
0.3317 0.3661 0.3022 0.1972 0.4896
0.4678 0.4199 0.1123 0.2634 0.5320
0.4085 0.4242 0.1673 0.2246 0.5249
0.3344 0.3627 0.3030 0.2001 0.4884
0.4447 0.4058 0.1496 0.2548 0.5232
0.3825 0.3934 0.2241 0.2200 0.5090
0.3033 0.3227 0.3740 0.1937 0.4635
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Scan 92: NG92
T 4.7028 4.2213 1.0451 1
CWF 5.8975 6.1735 2.2498 1
DF 4.5567 4.9842 3.8522 1
Scan 93: NG93
T 4.0713 3.5737 1.0535
CWF 5.0893 5.1687 2.3313
DF 4.0045 4.1978 3.9610
Scan 94: NG9Ar
T 5.2204 4.8894 1.5757
CWF 6.7801 7.2059 3.4726
DF 5.3515 5.9574 5.9040
Scan 95: NG9
T 5.4509 5.1919 1.6747
CWF 7.1371 7.6849 3.6776
DF 5.6282 6.3790 6.2577
Scan 96: NG96
T 3.9764 3.5679 1.1789
CWF 5.0679 5.1880 2.6309
DF 4.0203 4.2589 4.4584
Scan 97: NG97
T 4.1441 3.7146 1.2856
CWF 5.2869 5.3928 2.8906
DF 4.2228 4.4434 4.8871
Scan 98: NG98
T 4.3620 3.9666 1.1093
CWF 5.5494 5.8145 2.4039
DF 4.3166 4.7312 4.1083
Scan 99: NG99
T 5.2567 4.7493 1.7687
CWF 6.7355 6.8922 4.0266
DF 5.4521 5.7347 6.7800
Scan 100: NG100
T 3.0960 2.8896 1.1491
CWF 4.1032 4.2440 2.5687
DF 3.2883 3.5406 4.3481
Scan 101: NG101
T 4.7121 4.3689 1.2413
CWF 6.0492 6.4346 2.7009
DF 4.7147 5.2686 4.6094
Scan 102: NG102
T 4.1761 3.7996 1.1761
CWF 5.3436 5.5587 2.5956
DF 4.2014 4.5529 4.4128
Scan 103: NG103
T 4.5120 4.0318 1.2398
CWF 5.6998 5.8579 2.7516
DF 4.5010 4.7903 4.6701
Scan 104: NG104
T 4.7730 4.5214 1.4913
CWF 6.2552 6.6842 3.2809
DF 4.9342 5.5411 5.5796
0.4717 0.4234
0.4118 0.4311
0.3402 0.3721
0.4680 0.4108
0.4043 0.4106
0.3292 0.3451
0.4467 0.4184
0.3884 0.4127
0.3109 0.3461
0.4425 0.4215
0.3858 0.4154
0.3081 0.3492
0.4558 0.4090
0.3933 0.4026
0.3156 0.3344
0.4532 0.4062
0.3896 0.3974
0.3116 0.3278
0.4622 0.4203
0.4031 0.4223
0.3281 0.3596
0.4464 0.4033
0.3815 0.3904
0.3035 0.3192
0.4339 0.4050
0.3759 0.3888
0.1048 0.2644 0.5339
0.1571 0.2241 0.5279
0.2876 0.2006 0.4936
0.1211 0.2677 0.5287
0.1852 0.2272 0.5191
0.3256 0.2031 0.4791
0.1348 0.2507 0.5283
0.1989 0.2165 0.5176
0.3430 0.1904 0.4769
0.1360 0.2468 0.5289
0.1988 0.2139 0.5183
0.3426 0.1875 0.4781
0.1351 0.2606 0.5261
0.2042 0.2233 0.5143
0.3500 0.1979 0.4716
0.1406 0.2601 0.5247
0.2130 0.2230 0.5117
0.3606 0.1975 0.4675
0.1175 0.2597 0.5313
0.1746 0.2220 0.5234
0.3123 0.1971 0.4860
0.1502 0.2570 0.5225
0.2281 0.2205 0.5076
0.3774 0.1950 0.4616
0.1611 0.2482 0.5213
0.2353 0.2175 0.5061
0.2942 0.3168 0.3890 0.1894 0.4589
0.4565 0.4232 0.1203 0.2548 0.5316
0.3984 0.4238 0.1779 0.2186 0.5233
0.3231 0.3610 0.3159 0.1933 0.4860
0.4563 0.4152 0.1285 0.2582 0.5286
0.3959 0.4118 0.1923 0.2215 0.5184
0.3191 0.3458 0.3351 0.1960 0.4779
0.4612 0.4121 0.1267 0.2627 0.5281
0.3983 0.4094 0.1923 0.2239 0.5178
0.3224 0.3431 0.3345 0.1992 0.4771
0.4425 0.4192 0.1383 0.2477 0.5280
0.3856 0.4121 0.2023 0.2150 0.5170
0.3073 0.3451 0.3475 0.1883 0.4759
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Scan 105: NG105
T 4.0521 3.6854 1.2314 0.4518 0.4109 0.1373 0.2572 0.5263
CWF 5.2021 5.3787 2.7430 0.3904 0.4037 0.2059 0.2211 0.5144
DF 4.1273 4.4317 4.6502 0.3125 0.3355 0.3520 0.1953 0.4717
Scan 106: NG106
T 4.2691 3.8738 1.2886 0.4526 0.4107 0.1366 0.2578 0.5263
CWF 5.4693 5.6503 2.8732 0.3909 0.4038 0.2053 0.2213 0.5145
DF 4.3415 4.6529 4.8688 0.3132 0.3356 0.3512 0.1957 0.4719
Scan 107: NG107
T 4.0400 3.7469 1.3296 0.4432 0.4110 0.1458 0.2516 0.5250
CWF 5.2672 5.4968 2.9692 0.3835 0.4003 0.2162 0.2180 0.5120
DF 4.1938 4.5595 5.0286 0.3043 0.3308 0.3649 0.1913 0.4681
Scan 108: NG108
T 4.6930 4.1464 1.1047 0.4719 0.4170 0.1111 0.2674 0.5316
CWF 5.8473 6.0198 2.4131 0.4095 0.4215 0.1690 0.2262 0.5240
DF 4.5620 4.8711 4.1145 0.3367 0.3596 0.3037 0.2028 0.4873
Scan 109: NG109
T 4.9538 4.6463 1.3906 0.4507 0.4227 0.1265 0.2514 0.5305
CWF 6.4126 6.8584 3.0438 0.3931 0.4204 0.1866 0.2166 0.5212
DF 5.0218 5.6474 5.1855 0.3167 0.3562 0.3271 0.1908 0.4827
Scan 110: NG110
T 4.8562 4.4194 1.4139 0.4543 0.4134 0.1323 0.2577 0.5276
CWF 6.2015 6.4524 3.1441 0.3925 0.4084 0.1990 0.2207 0.5166
DF 4.9137 5.3109 5.3319 0.3159 0.3414 0.3427 0.1954 0.4753
Scan 111: NG111
T 4.2260 3.7265 1.1337 0.4651 0.4101 0.1248 0.2661 0.5280
CWF 5.3038 5.3952 2.5185 0.4013 0.4082 0.1905 0.2262 0.5177
DF 4.1859 4.3948 4.2740 0.3256 0.3419 0.3325 0.2019 0.4769
Scan 112: NG112
T 4.7387 4.4058 1.4511 0.4472 0.4158 0.1370 0.2521 0.5274
CWF 6.1489 6.4791 3.2051 0.3884 0.4092 0.2024 0.2178 0.5163
DF 4.8593 5.3516 5.4458 0.3104 0.3418 0.3478 0.1916 0.4747
Scan 113: NG113
T 4.0618 3.7069 1.2135 0.4522 0.4127 0.1351 0.2566 0.5270
CWF 5.2203 5.4190 2.6924 0.3916 0.4065 0.2020 0.2208 0.5156
DF 4.1282 4.4595 4.5698 0.3138 0.3389 0.3473 0.1949 0.4737
Scan 114: NG114
T 3.8770 3.4917 1.1849 0.4533 0.4082 0.1385 0.2593 0.5254
CWF 4.9615 5.0809 2.6482 0.3910 0.4004 0.2087 0.2227 0.5131
DF 3.9432 4.1799 4.4851 0.3127 0.3315 0.3557 0.1969 0.4697
Scan 115: NG115
T 4.2008 3.8369 1.3113 0.4493 0.4104 0.1403 0.2558 0.5257
CWF 5.4129 5.6058 2.9292 0.3881 0.4019 0.2100 0.2203 0.5133
DF 4.3043 4.6280 4.9608 0.3098 0.3331 0.3571 0.1943 0.4701
Scan 116: NG116
T 5.5318 5.2239 1.7365 0.4428 0.4182 0.1390 0.2483 0.5277
CWF 7.2187 7.7075 3.8368 0.3847 0.4108 0.2045 0.2149 0.5164
DF 5.7202 6.4014 6.5163 0.3069 0.3435 0.3496 0.1886 0.4750
Scan 117: NG117
T 3.8630 3.4168 0.9917 0.4670 0.4131 0.1199 0.2660 0.5294
CWF 4.8575 4.9613 2.1808 0.4048 0.4135 0.1817 0.2264 0.5203
DF 3.8023 4.0234 3.7119 0.3296 0.3487 0.3217 0.2020 0.4810
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Scan 118: NG118
T 3.8970
CWF 4.9476
DF 3.9234
Scan 119: NG119
T 3.8082
CWF 4.8589
DF 3.8137
Scan 120: NG120
T 4.6406
CWF 5.7615
DF 4.4714
Scan 121: NG121
T 3.9888
CWF 4.9881
DF 3.8514
Scan 122: NG122
T 4.0354
CWF 5.1393
DF 4.0481
Scan 123: NG123
T 3.2494
CWF 4.2044
DF 3.3113
Scan 124: NG124
T 3.7046
CWF 4.7630
DF 3.7408
Scan 125: NG125
T 3.6836
CWF 4.6431
DF 3.5884
Scan 126: NG126
T 5.0904
CWF 6.6267
DF 5.1946
Scan 127: NG127
T 3.9930
CWF 5.1132
DF 4.0041
Scan 128: NG128
T 3.5765
CWF 4.6586
DF 3.7001
Scan 129: NG129
T 4.3456
CWF 5.5448
DF 4.3709
Scan 130: NG130
T 4.6443
CWF 6.0286
DF 4.7193
3.4799 1.1387 0.4576 0.4087
5.0500 2.5363 0.3947 0.4029
4.1420 4.3003 0.3173 0.3350
3.4392 1.0578 0.4585 0.4141
5.0209 2.3299 0.3980 0.4112
4.1019 3.9641 0.3210 0.3453
4.0907 1.0266 0.4756 0.4192
5.9431 2.2250 0.4136 0.4267
4.7888 3.8031 0.3423 0.3666
3.5370 0.8883 0.4741 0.4204
5.1546 1.9143 0.4137 0.4275
4.1472 3.2776 0.3416 0.3678
3.6375 1.1341 0.4582 0.4130
5.3042 2.5089 0.3968 0.4095
4.3400 4.2626 0.3200 0.3431
2.9700 0.9875 0.4509 0.4121
4.3494 2.1825 0.3916 0.4051
3.5720 3.7090 0.3126 0.3372
3.3837 1.0649 0.4544 0.4150
4.9548 2.3448 0.3949 0.4108
4.0623 3.9891 0.3172 0.3445
3.2909 0.8643 0.4699 0.4198
4.8063 1.8667 0.4103 0.4247
3.8774 3.1943 0.3366 0.3637
4.8110 1.4758 0.4474 0.4229
7.1152 3.2226 0.3906 0.4194
5.8736 5.4931 0.3137 0.3547
3.6455 1.0983 0.4570 0.4173
5.3405 2.4092 0.3975 0.4152
4.3701 4.1027 0.3209 0.3503
3.2992 1.1664 0.4447 0.4102
4.8355 2.5991 0.3852 0.3999
4.0004 4.4057 0.3056 0.3304
3.9396 1.2279 0.4568 0.4141
5.7526 2.7194 0.3956 0.4104
4.7158 4.6177 0.3189 0.3441
4.3519 1.3317 0.4497 0.4214
6.4247 2.9068 0.3925 0.4183
5.2870 4.9560 0.3154 0.3534
0.1337 0.2619 0.5263
0.2024 0.2241 0.5147
0.3478 0.1988 0.4721
0.1274 0.2601 0.5285
0.1908 0.2230 0.5184
0.3337 0.1975 0.4780
0.1052 0.2687 0.5329
0.1597 0.2269 0.5265
0.2911 0.2039 0.4914
0.1056 0.2672 0.5331
0.1588 0.2266 0.5269
0.2907 0.2030 0.4918
0.1288 0.2603 0.5280
0.1937 0.2229 0.5176
0.3369 0.1976 0.4767
0.1370 0.2560 0.5266
0.2033 0.2213 0.5151
0.3502 0.1947 0.4726
0.1306 0.2570 0.5282
0.1944 0.2212 0.5178
0.3383 0.1952 0.4770
0.1103 0.2648 0.5323
0.1650 0.2256 0.5254
0.2996 0.2012 0.4892
0.1297 0.2493 0.5301
0.1900 0.2155 0.5205
0.3317 0.1893 0.4815
0.1257 0.2577 0.5294
0.1873 0.2212 0.5199
0.3288 0.1956 0.4804
0.1450 0.2529 0.5249
0.2149 0.2193 0.5121
0.3639 0.1924 0.4680
0.1291 0.2590 0.5282
0.1940 0.2218 0.5178
0.3370 0.1965 0.4771
0.1289 0.2513 0.5299
0.1892 0.2170 0.5204
0.3312 0.1909 0.4812
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Scan 131: NG131
T 4.3579 3.9038 1.2355 0.4589 0.4110 0.1301 0.2617 0.5274
CWF 5.5270 5.6766 2.7497 0.3961 0.4068 0.1971 0.2235 0.5164
DF 4.3725 4.6488 4.6628 0.3195 0.3397 0.3407 0.1985 0.4749
Scan 132: NG132
T 3.9851 3.5663 0.9565 0.4684 0.4192 0.1124 0.2641 0.5319
CWF 5.0213 5.2049 2.0742 0.4082 0.4231 0.1686 0.2249 0.5245
DF 3.8959 4.2117 3.5453 0.3343 0.3614 0.3042 0.2005 0.4878
Scan 133: NG133
T 4.5130 4.0897 1.3563 0.4532 0.4107 0.1362 0.2582 0.5264
CWF 5.7729 5.9629 3.0288 0.3910 0.4039 0.2051 0.2214 0.5145
DF 4.5865 4.9103 5.1313 0.3135 0.3357 0.3508 0.1959 0.4720
Scan 134: NG134
T 3.2480 2.9066 0.8075 0.4665 0.4175 0.1160 0.2637 0.5309
CWF 4.1205 4.2465 1.7431 0.4076 0.4200 0.1724 0.2256 0.5232
DF 3.1883 3.4311 2.9835 0.3320 0.3573 0.3107 0.2005 0.4855
Scan 135: NG135
T 4.1828 3.7052 1.0820 0.4663 0.4131 0.1206 0.2655 0.5293
CWF 5.2550 5.3787 2.3876 0.4036 0.4131 0.1834 0.2258 0.5200
DF 4.1249 4.3711 4.0597 0.3285 0.3481 0.3233 0.2015 0.4805
Scan 136: NG136
T 3.4655 3.1557 1.0068 0.4543 0.4137 0.1320 0.2576 0.5277
CWF 4.4609 4.6193 2.2193 0.3948 0.4088 0.1964 0.2219 0.5170
DF 3.5029 3.7830 3.7743 0.3167 0.3420 0.3413 0.1958 0.4757
Scan 137: NG137
T 5.1536 4.6577 1.5715 0.4528 0.4092 0.1381 0.2585 0.5257
CWF 6.5744 6.7802 3.5149 0.3897 0.4019 0.2084 0.2213 0.5136
DF 5.2458 5.5932 5.9494 0.3125 0.3332 0.3544 0.1961 0.4705
Scan 138: NG138
T 4.1481 3.6724 1.0646 0.4669 0.4133 0.1198 0.2658 0.5294
CWF 5.2057 5.3292 2.3444 0.4042 0.4138 0.1820 0.2259 0.5203
DF 4.0838 4.3300 3.9886 0.3293 0.3491 0.3216 0.2017 0.4811
Scan 139: NG139
T 4.2558 3.8391 1.2243 0.4567 0.4120 0.1314 0.2598 0.5274
CWF 5.4272 5.5978 2.7064 0.3952 0.4077 0.1971 0.2226 0.5166
DF 4.2845 4.5871 4.5988 0.3181 0.3405 0.3414 0.1972 0.4751
Scan 140: NG140
T 5.3253 4.8110 1.2988 0.4657 0.4207 0.1136 0.2617 0.5320
CWF 6.7085 7.0333 2.8360 0.4047 0.4243 0.1711 0.2223 0.5244
DF 5.2359 5.7228 4.8348 0.3315 0.3624 0.3061 0.1984 0.4878
Scan 141: NG141
T 3.7515 3.4705 1.0865 0.4515 0.4177 0.1308 0.2540 0.5288
CWF 4.8589 5.1061 2.3717 0.3939 0.4139 0.1922 0.2194 0.5189
DF 3.8029 4.1897 4.0448 0.3159 0.3481 0.3360 0.1931 0.4786
Scan 142: NG142
T 4.8209 4.4524 1.2399 0.4586 0.4235 0.1179 0.2560 0.5320
CWF 6.1760 6.5572 2.6825 0.4006 0.4254 0.1740 0.2194 0.5242
DF 4.8002 5.3533 4.5856 0.3257 0.3632 0.3111 0.1942 0.4874
Scan 143: NG143
T 4.1656 3.7348 1.1343 0.4611 0.4134 0.1256 0.2620 0.5286
CWF 5.2790 5.4391 2.5068 0.3992 0.4113 0.1896 0.2237 0.5186
DF 4.1528 4.4402 4.2598 0.3231 0.3455 0.3314 0.1989 0.4784
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Scan 144: 1MG144
T 4.5667 4.1677 1.2322
CWF 5.8280 6.1055 2.7056
DF 4.5679 4.9960 4.6062
Scan 145: MG145
T 3.9733 3.6491 1.1660
CWF 5.1210 5.3486 2.5740
DF 4.0320 4.3971 4.3751
Scan 146: NG146
T 4.1381 3.5679 0.8272
CWF 5.0683 5.1523 1.7782
DF 3.9121 4.1144 3.0473
Scan 147: NG147
T 4.4351 3.9814 1.0511
CWF 5.5831 5.8162 2.2812
DF 4.3340 4.7106 3.8972
Scan 148: NG148
T 3.5876 3.3118 1.0913
CWF 4.6548 4.8617 2.4097
DF 3.6665 4.0037 4.0955
Scan 149: NG149
T 4.3174 3.8157 1.1328
CWF 5.4158 5.5309 2.5093
DF 4.2648 4.5015 4.2615
Scan 150: NG150
T 3.5406 3.1589 0.9500
CWF 4.4859 4.5955 2.0892
DF 3.5146 3.7398 3.5564
Scan 151: NG151
T 4.5674 4.2544 1.2982
CWF 5.9121 6.2725 2.8367
DF 4.6283 5.1534 4.8348
Scan 152 NG152
T 4.5189 4.1075 1.2889
CWF 5.7690 5.9996 2.8566
DF 4.5550 4.9264 4.8497
Scan 153 NG153
T 3.5391 3.1479 1.0115
CWF 4.4934 4.5702 2.2482
DF 3.5473 3.7325 3.8147
Scan 154 NG154
T 4.9263 4.6246 1.5304
CWF 6.4223 6.8186 3.3744
DF 5.0764 5.6459 5.7362
Scan 155 NG155
T 4.4058 4.0092 1.3440
CWF 5.6547 5.8528 3.0012
DF 4.4932 4.8250 5.0837
Scan 156 NG156
T 3.7500 3.3822 1.0545
CWF 4.7846 4.9340 2.3264
DF 3.7614 4.0341 3.9560
0.4582 0.4182
0.3981 0.4171
0.3224 0.3526
0.4521 0.4152
0.3926 0.4101
0.3149 0.3434
0.4849 0.4181
0.4224 0.4294
0.3533 0.3715
0.4684 0.4205
0.4081 0.4251
0.3349 0.3640
0.4490 0.4145
0.3903 0.4076
0.3116 0.3403
0.4659 0.4118
0.4025 0.4110
0.3274 0.3455
0.4629 0.4130
0.4016 0.4114
0.3251 0.3459
0.1236 0.2581 0.5300
0.1848 0.2209 0.5207
0.3251 0.1958 0.4818
0.1327 0.2555 0.5279
0.1973 0.2201 0.5172
0.3417 0.1940 0.4761
0.0969 0.2752 0.5340
0.1482 0.2312 0.5288
0.2752 0.2093 0.4952
0.1110 0.2636 0.5324
0.1667 0.2241 0.5252
0.3011 0.2000 0.4891
0.1366 0.2538 0.5272
0.2021 0.2195 0.5159
0.3481 0.1930 0.4741
0.1223 0.2659 0.5287
0.1865 0.2259 0.5190
0.3271 0.2017 0.4790
0.1242 0.2634 0.5287
0.1870 0.2252 0.5190
0.3290 0.2000 0.4789
0.4513 0.4204 0.1283 0.2528 0.5298
0.3936 0.4176 0.1888 0.2179 0.5203
0.3167 0.3526 0.3308 0.1920 0.4810
0.4558 0.4143 0.1300 0.2582 0.5281
0.3945 0.4102 0.1953 0.2212 0.5175
0.3178 0.3438 0.3384 0.1959 0.4767
0.4597 0.4089 0.1314 0.2632 0.5267
0.3972 0.4040 0.1987 0.2253 0.5155
0.3197 0.3364 0.3438 0.1999 0.4733
0.4446 0.4173 0.1381 0.2498 0.5276
0.3865 0.4104 0.2031 0.2162 0.5165
0.3084 0.3430 0.3485 0.1898 0.4750
0.4515 0.4108 0.1377 0.2570 0.5262
0.3897 0.4034 0.2069 0.2208 0.5142
0.3120 0.3350 0.3530 0.1951 0.4714
0.4581 0.4131 0.1288 0.2602 0.5280
0.3972 0.4096 0.1931 0.2231 0.5177
0.3201 0.3433 0.3366 0.1976 0.4768 |
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Scan 157: NG157
T 3.8130 3.4664 1.0601 0.4572 0.4157 0.1271 0.2586 0.5289
CWF 4.8806 5.0715 2.3297 0.3974 0.4129 0.1897 0.2220 0.5190
DF 3.8256 4.1475 3.9654 0.3204 0.3474 0.3322 0.1963 0.4790
Scan 158: NG158
T 5.7970 5.2726 1.8723 0.4479 0.4074 0.1447 0.2562 0.5243
CWF 7.4335 7.6817 4.2190 0.3845 0.3973 0.2182 0.2197 0.5109
DF 5.9741 6.3708 7.1252 0.3068 0.3272 0.3660 0.1944 0.4665
Scan 159: NG159
T 4.2805 3.8674 1.2908 0.4535 0.4097 0.1368 0.2588 0.5261
CWF 5.4740 5.6330 2.8823 0.3913 0.4027 0.2060 0.2220 0.5141
DF 4.3478 4.6352 4.8820 0.3136 0.3343 0.3521 0.1965 0.4713
Scan 160: NG160
T 4.4685 3.9152 1.1140 0.4705 0.4122 0.1173 0.2686 0.5296
CWF 5.5601 5.6603 2.4603 0.4064 0.4137 0.1798 0.2273 0.5206
DF 4.3702 4.5921 4.1819 0.3325 0.3494 0.3182 0.2037 0.4817
Scan 161: NG161
T 5.2567 4.9044 1.4322 0.4534 0.4230 0.1235 0.2530 0.5310
CWF 6.7679 7.2288 3.1335 0.3951 0.4220 0.1829 0.2173 0.5221
DF 5.2976 5.9426 5.3387 0.3195 0.3584 0.3220 0.1919 0.4842
Scan 162: NG162
T 3.5041 3.2282 1.0905 0.4479 0.4127 0.1394 0.2539 0.5264
CWF 4.5503 4.7341 2.4160 0.3889 0.4046 0.2065 0.2198 0.5145
DF 3.5935 3.9027 4.1020 0.3098 0.3365 0.3537 0.1931 0.4718
Scan 163: NG164
T 5.2781 4.7795 1.5155 0.4561 0.4130 0.1309 0.2590 0.5277
CWF 6.7081 6.9658 3.3812 0.3933 0.4084 0.1983 0.2211 0.5167
DF 5.3247 5.7320 5.7287 0.3172 0.3415 0.3413 0.1963 0.4755
Scan 164: NG164
T 4.5698 4.1546 1.1110 0.4646 0.4224 0.1130 0.2603 0.5325
CWF 5.7932 6.0912 2.4095 0.4053 0.4261 0.1686 0.2220 0.5252
DF 4.4972 4.9503 4.1168 0.3315 0.3650 0.3035 0.1975 0.4890
Scan 165: NG165
T 4.3799 3.9314 1.1082 0.4650 0.4174 0.1176 0.2628 0.5307
CWF 5.5345 5.7386 2.4150 0.4043 0.4192 0.1764 0.2239 0.5224
DF 4.3176 4.6619 4.1207 0.3296 0.3559 0.3146 0.1994 0.4844
Scan 166: NG166
T 3.6833 3.3426 1.0429 0.4565 0.4143 0.1293 0.2587 0.5282
CWF 4.7201 4.8883 2.2995 0.3964 0.4105 0.1931 0.2223 0.5179
DF 3.7057 3.9986 3.9109 0.3190 0.3443 0.3367 0.1965 0.4772
Scan 167: NG167
T 4.3268 3.9902 1.1079 0.4591 0.4234 0.1176 0.2564 0.5320
CWF 5.5446 5.8749 2.4019 0.4012 0.4251 0.1738 0.2199 0.5242
DF 4.3051 4.7922 4.1038 0.3261 0.3630 0.3109 0.1946 0.4873
Scan 168: NG168
T 3.1797 2.9609 0.7911 0.4587 0.4272 0.1141 0.2545 0.5333
CWF 4.1205 4.3856 1.6776 0.4046 0.4307 0.1647 0.2199 0.5267
DF 3.1539 3.5567 2.8861 0.3286 0.3706 0.3007 0.1936 0.4912
Scan 169: NG169
T 4.8280 4.2750 1.2595 0.4659 0.4125 0.1215 0.2655 0.5290
CWF 6.0446 6.1962 2.7932 0.4021 0.4121 0.1858 0.2252 0.5194
DF 4.7684 5.0514 4.7421 0.3275 0.3469 0.3256 0.2013 0.4797
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Scan 170: NG170
T 4.1834 3.6772 1.0699 0.4684 0.4118 0.1198 0.2675 0.5291
CWF 5.2307 5.3238 2.3644 0.4049 0.4121 0.1830 0.2270 0.5198
DF 4.1102 4.3209 4.0184 0.3302 0.3471 0.3228 0.2030 0.4802
Scan 171 NG171
T 4.2718 3.7467 1.0831 0.4694 0.4116 0.1190 0.2682 0.5292
CWF 5.3225 5.4148 2.3907 0.4054 0.4125 0.1821 0.2272 0.5200
DF 4.1874 4.3989 4.0655 0.3310 0.3477 0.3213 0.2034 0.4807
Scan 172 NG172
T 3.9152 3.4966 0.9367 0.4690 0.4188 0.1122 0.2647 0.5318
CWF 4.9291 5.1004 2.0338 0.4086 0.4228 0.1686 0.2252 0.5244
DF 3.8245 4.1249 3.4752 0.3348 0.3611 0.3042 0.2010 0.4877
Scan 173 . NG173
T 3.5503 3.2214 1.0069 0.4564 0.4141 0.1295 0.2587 0.5282
CWF 4.5516 4.7111 2.2164 0.3965 0.4104 0.1931 0.2224 0.5179
DF 3.5715 3.8530 3.7716 0.3190 0.3441 0.3369 0.1966 0.4771
Scan 174 : NG174
T 3.7444 3.4128 0.8844 0.4656 0.4244 0.1100 0.2601 0.5333
CWF 4.7650 5.0152 1.8960 0.4081 0.4295 0.1624 0.2225 0.5268
DF 3.6700 4.0603 3.2519 0.3342 0.3697 0.2961 0.1975 0.4916
Scan 175: NG175
T 3.9633 3.6165 1.1703 0.4529 0.4133 0.1337 0.2569 0.5273
CWF 5.0930 5.2883 2.5927 0.3926 0.4076 0.1998 0.2210 0.5162
DF 4.0203 4.3478 4.4027 0.3148 0.3404 0.3447 0.1951 0.4746
Scan 176: NG176
T 5.0371 4.4352 1.1061 0.4762 0.4193 0.1046 0.2691 0.5331
CWF 6.2343 6.4364 2.4001 0.4137 0.4271 0.1593 0.2267 0.5267
DF 4.8473 5.1922 4.1004 0.3428 0.3672 0.2900 0.2040 0.4917
Scan 177: NG177
T 4.0190 3.7245 1.4108 0.4390 0.4069 0.1541 0.2507 0.5228
CWF 5.2564 5.4523 3.1750 0.3786 0.3927 0.2287 0.2177 0.5082
DF 4.2220 4.5465 5.3646 0.2987 0.3217 0.3796 0.1908 0.4623
Scan 178: NG178
T 4.2110 3.7439 1.2112 0.4594 0.4085 0.1321 0.2632 0.5265
CWF 5.3248 5.4268 2.7039 0.3957 0.4033 0.2009 0.2246 0.5150
DF 4.2262 4.4467 4.5815 0.3189 0.3355 0.3457 0.1997 0.4727
Scan 179: NG179
T 4.3113 3.7416 1.0425 0.4740 0.4114 0.1146 0.2713 0.5298
CWF 5.3306 5.3910 2.2966 0.4095 0.4141 0.1764 0.2291 0.5212
DF 4.1853 4.3621 3.9076 0.3360 0.3502 0.3137 0.2058 0.4827
Scan 180: NG180
T 4.7807 4.2401 1.5260 0.4533 0.4020 0.1447 0.2621 0.5230
CWF 6.0580 6.1240 3.4671 0.3871 0.3913 0.2216 0.2237 0.5088
DF 4.8867 5.0617 5.8423 0.3095 0.3205 0.3700 0.1988 0.4632
Scan 181: NG181
T 4.4806 4.1744 1.6884 0.4332 0.4036 0.1632 0.2484 0.5206
CWF 5.8914 6.1094 3.8331 0.3721 0.3858 0.2421 0.2161 0.5043
DF 4.7829 5.1323 6.4588 0.2921 0.3134 0.3945 0.1892 0.4567
Scan 182: NG182
T 3.8357 3.2894 0.8560 0.4806 0.4121 0.1073 0.2752 0.5311
CWF 4.7093 4.7311 1.8693 0.4164 0.4183 0.1653 0.2317 0.5238
DF 3.6710 3.7978 3.1897 0.3444 0.3563 0.2993 0.2091 0.4868
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Scan 183: NG183
T 4.7679
CWF 6.4025
DF 5.1369
Scan 184: NG184
T 4.6248
CWF 6.1996
DF 5.0726
Scan 185: NG185
T 3.9017
CWF 4.8923
DF 3.8461
Scan 186: NG186
T 4.2798
CWF 5.5991
DF 4.5326
Scan 187: NG187
T 4.6474
CWF 5.9180
DF 4.7571
Scan 188: NG188
T 4.3704
CWF 5.3967
DF 4.2747
Scan 189: NG189
T 4.0975
CWF 5.0496
DF 3.9695
Scan 190: NG190
T 3.8139
CWF 5.0104
DF 4.0519
Scan 191: NG191
T 3.9732
CWF 5.0876
DF 4.0230
Scan 192: NG192
T 4.3677
CWF 5.5339
DF 4.3840
Scan 193: NG193
T 3.9753
CWF 4.9590
DF 3.9105
Scan 194: NG194
T 4.2691
CWF 5.4175
DF 4.3196
Scan 195: NG195
T 4.2151
CWF 5.2600
DF 4.1339
4.6569 1.7917 0.4251
6.9110 3.9846 0.3701
5.8334 6.7526 0.2898
4.4180 1.9242 0.4217
6.5020 4.3861 0.3628
5.5176 7.3778 0.2823
3.4354 1.0202 0.4669
4.9743 2.2534 0.4037
4.0422 3.8308 0.3282
3.9535 1.5681 0.4367
5.7768 3.5543 0.3750
4.8342 5.9913 0.2951
4.1438 1.4927 0.4519
6.0000 3.3656 0.3872
4.9562 5.6843 0.3090
3.7669 1.1243 0.4719
5.4064 2.5052 0.4055
4.3901 4.2479 0.3310
3.5279 0.9898 0.4756
5.0703 2.1868 0.4103
4.0963 3.7177 0.3369
3.5300 1.4185 0.4353
5.1621 3.2122 0.3743
4.3193 5.4166 0.2939
3.6029 1.1726 0.4542
5.2571 2.6025 0.3929
4.3195 4.4168 0.3153
3.9093 1.2449 0.4587
5.6793 2.7715 0.3957
4.6559 4.6987 0.3191
3.4711 1.0399 0.4684
5.0086 2.3069 0.4040
4.0692 3.9166 0.3287
3.8061 1.2816 0.4563
5.5169 2.8778 0.3922
4.5356 4.8677 0.3148
3.6985 1.0690 0.4693
5.3513 2.3603 0.4055
4.3423 4.0134 0.3310
0.4152 0.1597
0.3995 0.2303
0.3291 0.3810
0.4028 0.1755
0.3805 0.2567
0.3071 0.4106
0.4111 0.1221
0.4104 0.1859
0.3449 0.3269
0.4034 0.1600
0.3869 0.2381
0.3148 0.3901
0.4029 0.1452
0.3926 0.2202
0.3219 0.3692
0.4067 0.1214
0.4062 0.1882
0.3400 0.3290
0.4095 0.1149
0.4120 0.1777
0.3476 0.3155
0.4029 0.1619
0.3857 0.2400
0.3133 0.3929
0.4118 0.1340
0.4060 0.2010
0.3385 0.3462
0.4106 0.1307
0.4061 0.1982
0.3389 0.3420
0.4090 0.1225
0.4081 0.1879
0.3421 0.3292
0.4068 0.1370
0.3994 0.2084
0.3305 0.3547
0.4117 0.1190
0.4125 0.1820
0.3477 0.3213
0.2384 0.5239
0.2099 0.5097
0.1820 0.4650
0.2413 0.5186
0.2122 0.5006
0.1845 0.4516
0.2668 0.5286
0.2268 0.5190
0.2025 0.4789
0.2507 0.5211
0.2176 0.5052
0.1908 0.4579
0.2608 0.5232
0.2233 0.5094
0.1979 0.4639
0.2721 0.5277
0.2296 0.5176
0.2063 0.4768
0.2732 0.5293
0.2304 0.5205
0.2074 0.4815
0.2500 0.5207
0.2177 0.5046
0.1905 0.4568
0.2583 0.5270
0.2218 0.5157
0.1961 0.4737
0.2618 0.5272
0.2235 0.5161
0.1986 0.4745
0.2688 0.5280
0.2280 0.5181
0.2039 0.4775
0.2619 0.5253
0.2239 0.5129
0.1987 0.4694
0.2681 0.5292
0.2272 0.5200
0.2034 0.4806
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Scan 196: NG196
T 4.2907
CWF 5.5806
DF 4.4921
Scan 197: NG197
T 3.8740
CWF 5.0593
DF 4.0660
Scan 198: NG198
T 4.0373
CWF 5.0611
DF 3.9679
Scan 199: NG199
T 4.4157
CWF 5.5580
DF 4.4202
Scan 200: NG200
T 4.1620
CWF 5.2228
DF 4.1315
Scan 201: NG201
T 4.0678
CWF 5.5101
DF 4.5403
Scan 202: NG202
T 4.6098
CWF 5.7611
DF 4.5897
Scan 203: NG203
T 4.7102
CWF 5.9852
DF 4.8193
Scan 204: NG204
T 4.6237
CWF 5.7022
DF 4.5289
Scan 205: NG205
T 4.4925
CWF 5.7923
DF 4.6228
Scan 206: NG206
T 4.4005
CWF 5.7018
DF 4.4418
Scan 207: NG207
T 4.3672
CWF 5.6697
DF 4.5631
Scan 208: NG208
T 4.3881
CWF 5.7873
DF 4.6887
3.9493 1.4896 0.4410 0.4059
5.7683 3.3620 0.3794 0.3921
4.8078 5.6756 0.3000 0.3210
3.5706 1.3619 0.4399 0.4054
5.2202 3.0704 0.3790 0.3910
4.3480 5.1855 0.2990 0.3197
3.5671 1.0278 0.4677 0.4132
5.1733 2.2624 0.4050 0.4140
4.2005 3.8502 0.3301 0.3495
3.9073 1.2596 0.4608 0.4077
5.6510 2.8168 0.3963 0.4029
4.6313 4.7705 0.3198 0.3351
3.6669 1.1357 0.4643 0.4090
5.3034 2.5269 0.4001 0.4063
4.3267 4.2862 0.3242 0.3395
3.9092 1.8207 0.4152 0.3990
5.7554 4.1639 0.3571 0.3730
4.9126 6.9965 0.2760 0.2987
4.0373 1.2908 0.4639 0.4063
5.8185 2.8947 0.3980 0.4020
4.7603 4.8984 0.3221 0.3341
4.1990 1.5042 0.4523 0.4032
6.0749 3.4070 0.3870 0.3928
5.0235 5.7466 0.3091 0.3222
3.9779 1.2024 0.4716 0.4057
5.7041 2.6879 0.4046 0.4047
4.6358 4.5534 0.3301 0.3379
4.1164 1.4318 0.4474 0.4100
6.0115 3.2024 0.3860 0.4006
4.9811 5.4220 0.3077 0.3315
4.1328 1.2029 0.4520 0.4245
6.1069 2.6132 0.3954 0.4234
5.0175 4.4626 0.3191 0.3604
4.0055 1.5058 0.4421 0.4055
5.8467 3.4019 0.3801 0.3919
4.8666 5.7405 0.3008 0.3208
4.1085 1.6545 0.4323 0.4047
6.0232 3.7485 0.3720 0.3871
5.0591 6.3179 0.2918 0.3149
0.1531 0.2524 0.5227
0.2285 0.2184 0.5080
0.3790 0.1919 0.4621
0.1546 0.2519 0.5224
0.2300 0.2186 0.5075
0.3813 0.1917 0.4612
0.1191 0.2664 0.5295
0.1810 0.2263 0.5205
0.3204 0.2021 0.4814
0.1314 0.2644 0.5264
0.2008 0.2251 0.5149
0.3451 0.2005 0.4726
0.1267 0.2661 0.5274
0.1936 0.2262 0.5168
0.3363 0.2018 0.4755
0.1858 0.2387 0.5161
0.2699 0.2113 0.4965
0.4253 0.1830 0.4456
0.1299 0.2671 0.5263
0.2000 0.2265 0.5148
0.3438 0.2024 0.4724
0.1444 0.2609 0.5234
0.2203 0.2231 0.5094
0.3686 0.1979 0.4641
0.1226 0.2724 0.5273
0.1907 0.2296 0.5168
0.3319 0.2065 0.4756
0.1426 0.2548 0.5252
0.2134 0.2195 0.5125
0.3608 0.1934 0.4689
0.1235 0.2515 0.5314
0.1812 0.2169 0.5227
0.3205 0.1909 0.4851
0.1524 0.2533 0.5227
0.2280 0.2190 0.5080
0.3784 0.1926 0.4621
0.1630 0.2473 0.5209
0.2409 0.2156 0.5048
0.3933 0.1884 0.4575
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Scan 209: NG209
T 4.5779 4.1252 1.5332 0.4472 0.4030 0.1498 0.2577 0.5225
CWF 5.8754 5.9876 3.4782 0.3830 0.3903 0.2267 0.2215 0.5078
DF 4.7382 4.9690 5.8617 0.3043 0.3192 0.3765 0.1957 0.4617
Scan 210: NG210
T 4.9145 4.6080 1.8559 0.4319 0.4050 0.1631 0.2470 0.5210
CWF 6.4723 6.7535 4.2140 0.3711 0.3872 0.2416 0.2150 0.5048
DF 5.2571 5.6837 7.0980 0.2914 0.3151 0.3935 0.1881 0.4575
Scan 21 1 : NG211
T 4.3562 4.1095 1.5859 0.4334 0.4088 0.1578 0.2463 0.5227
CWF 5.7537 6.0428 3.5710 0.3744 0.3932 0.2324 0.2149 0.5078
DF 4.6301 5.0657 6.0305 0.2944 0.3221 0.3835 0.1876 0.4619
Scan 212: NG212
T 4.5274 4.0994 1.6398 0.4410 0.3993 0.1597 0.2553 0.5201
CWF 5.8579 5.9514 3.7472 0.3766 0.3826 0.2409 0.2203 0.5035
DF 4.7646 4.9685 6.3012 0.2972 0.3099 0.3930 0.1941 0.4554
Scan 213: NG213
T 4.4006 3.9404 1.3375 0.4547 0.4071 0.1382 0.2607 0.5252
CWF 5.5983 5.7195 3.0018 0.3910 0.3994 0.2096 0.2230 0.5127
DF 4.4669 4.7087 5.0767 0.3134 0.3304 0.3562 0.1978 0.4692
Scan 214: NG214
T 4.5862 4.1262 0.9853 0.4729 0.4255 0.1016 0.2642 0.5348
CWF 5.7542 6.0436 2.1078 0.4138 0.4346 0.1516 0.2240 0.5295
DF 4.4271 4.8703 3.6150 0.3429 0.3772 0.2800 0.2005 0.4963
Scan 215: NG215
T 3.4289 3.3475 1.3036 0.4244 0.4143 0.1613 0.2383 0.5235
CWF 4.6390 4.9749 2.8827 0.3712 0.3981 0.2307 0.2111 0.5093
DF 3.6977 4.1843 4.8933 0.2894 0.3275 0.3830 0.1823 0.4641
Scan 216: NG216
T 4.1522 3.7791 1.3248 0.4486 0.4083 0.1431 0.2563 0.5248
CWF 5.3462 5.5107 2.9692 0.3867 0.3986 0.2148 0.2207 0.5118
DF 4.2669 4.5578 5.0234 0.3081 0.3291 0.3628 0.1946 0.4677
Scan 217: NG217
T 4.1486 3.5443 1.0342 0.4754 0.4061 0.1185 0.2747 0.5280
CWF 5.0953 5.0731 2.3000 0.4087 0.4069 0.1845 0.2314 0.5183
DF 4.0285 4.1063 3.9020 0.3347 0.3411 0.3242 0.2084 0.4779
Scan 218: NG218
T 5.0932 4.4969 1.5659 0.4565 0.4031 0.1404 0.2637 0.5240
CWF 6.4165 6.4861 3.5538 0.3899 0.3941 0.2160 0.2244 0.5104
DF 5.1663 5.3502 5.9916 0.3130 0.3241 0.3629 0.1999 0.4657
Scan 219: NG219
T 4.0560 3.5662 1.0972 0.4652 0.4090 0.1258 0.2667 0.5275
CWF 5.0875 5.1572 2.4393 0.4011 0.4066 0.1923 0.2267 0.5171
DF 4.0191 4.2011 4.1386 0.3252 0.3399 0.3349 0.2023 0.4759
Scan 220: NG220
T 3.5707 3.2019 1.1245 0.4522 0.4055 0.1424 0.2598 0.5242
CWF 4.5776 4.6534 2.5084 0.3899 0.3964 0.2137 0.2236 0.5113
DF 3.6434 3.8283 4.2498 0.3108 0.3266 0.3626 0.1974 0.4668
Scan 221: NG221
T 4.4130 3.8070 1.1237 0.4723 0.4074 0.1203 0.2720 0.5280
CWF 5.4480 5.4655 2.5042 0.4060 0.4073 0.1866 0.2295 0.5181
DF 4.3116 4.4371 4.2460 0.3318 0.3415 0.3267 0.2063 0.4776
10. Appendix A. Colorimetric Data for Near Gray Photographic Paper Set. 182
Scan 222: NG222
T 4.7568 4.1176 1.2816 0.4684 0.4054 0.1262 0.2704 0.5267
CWF 5.8923 5.9112 2.8781 0.4013 0.4026 0.1960 0.2284 0.5155
DF 4.6939 4.8221 4.8679 0.3263 0.3352 0.3384 0.2049 0.4736
Scan 223: NG223
T 4.0358 3.5948 0.9097 0.4726 0.4209 0.1065 0.2660 0.5331
CWF 5.0612 5.2475 1.9515 0.4128 0.4280 0.1592 0.2259 0.5269
DF 3.9064 4.2266 3.3462 0.3403 0.3682 0.2915 0.2020 0.4918
Scan 224: NG224
T 4.7738 4.1750 1.3545 0.4633 0.4052 0.1315 0.2672 0.5258
CWF 5.9581 6.0086 3.0460 0.3969 0.4002 0.2029 0.2265 0.5139
DF 4.7614 4.9249 5.1500 0.3209 0.3320 0.3471 0.2024 0.4711
Scan 225: NG225
T 4.1690 3.6034 1.1472 0.4674 0.4040 0.1286 0.2704 0.5259
CWF 5.1814 5.1728 2.5751 0.4007 0.4001 0.1992 0.2290 0.5144
DF 4.1250 4.2165 4.3577 0.3248 0.3320 0.3431 0.2051 0.4717
Scan 226: NG226
T 4.5405 4.0006 1.3457 0.4593 0.4046 0.1361 0.2648 0.5250
CWF 5.7152 5.7739 3.0346 0.3935 0.3975 0.2089 0.2254 0.5123
DF 4.5724 4.7426 5.1265 0.3166 0.3284 0.3550 0.2008 0.4686
Scan 227: NG227
T 4.5026 3.9379 1.2647 0.4639 0.4057 0.1303 0.2674 0.5261
CWF 5.6277 5.6720 2.8396 0.3980 0.4012 0.2008 0.2269 0.5145
DF 4.4839 4.6403 4.8032 0.3219 0.3332 0.3449 0.2027 0.4719
Scan 228: NG228
T 4.2959 3.7217 1.1582 0.4682 0.4056 0.1262 0.2702 0.5267
CWF 5.3367 5.3489 2.5931 0.4019 0.4028 0.1953 0.2287 0.5157
DF 4.2393 4.3566 4.3908 0.3264 0.3355 0.3381 0.2049 0.4738
Scan 229: NG229
T 3.8293 3.3924 1.0645 0.4621 0.4094 0.1285 0.2645 0.5272
CWF 4.8380 4.9199 2.3516 0.3995 0.4063 0.1942 0.2258 0.5167
DF 3.8147 4.0117 3.9966 0.3226 0.3393 0.3380 0.2008 0.4752
Scan 230: NG230
T 4.9620 4.6812 1.8194 0.4329 0.4084 0.1587 0.2461 0.5225
CWF 6.5386 6.8772 4.1109 0.3731 0.3924 0.2345 0.2143 0.5072
DF 5.2842 5.7796 6.9356 0.2936 0.3211 0.3853 0.1874 0.4612
Scan 231 : NG231
T 4.6855 4.3445 1.5840 0.4414 0.4093 0.1492 0.2512 0.5241
CWF 6.0981 6.3620 3.5624 0.3806 0.3971 0.2223 0.2174 0.5103
DF 4.8907 5.3003 6.0196 0.3017 0.3270 0.3713 0.1909 0.4656
Scan 232: NG232
T 3.7794 3.3279 0.9991 0.4662 0.4105 0.1232 0.2667 0.5283
CWF 4.7441 4.8176 2.2077 0.4031 0.4093 0.1876 0.2269 0.5184
DF 3.7313 3.9169 3.7529 0.3273 0.3436 0.3292 0.2024 0.4780
Scan 233: NG233
T 4.9136 4.3664 1.3098 0.4640 0.4123 0.1237 0.2644 0.5286
CWF 6.1655 6.3317 2.9077 0.4002 0.4110 0.1888 0.2245 0.5187
DF 4.8725 5.1731 4.9346 0.3253 0.3453 0.3294 0.2004 0.4786
Scan 234: NG234
T 4.6838 4.3019 1.6275 0.4413 0.4053 0.1533 0.2529 0.5225
CWF 6.0760 6.2758 3.6839 0.3789 0.3914 0.2297 0.2184 0.5076
DF 4.9037 5.2359 6.2135 0.2999 0.3202 0.3800 0.1921 0.4616
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Scan 235: NG235
T 4.0278 3.6007 1.0668 0.4632 0.4141 0.1227 0.2631 0.5292 j
CWF 5.0894 5.2393 2.3470 0.4015 0.4133 0.1852 0.2244 0.5198
DF 3.9934 4.2694 3.9942 0.3258 0.3483 0.3259 0.1996 0.4802
Scan 236: NG236
T 3.8856 3.5600 1.2753 0.4456 0.4082 0.1462 0.2543 0.5243
CWF 5.0309 5.1987 2.8544 0.3845 0.3973 0.2182 0.2197 0.5109
DF 4.0175 4.3099 4.8306 0.3053 0.3275 0.3671 0.1932 0.4665
Scan 237: NG237
T 3.8897 3.5626 1.2754 0.4457 0.4082 0.1461 0.2544 0.5243
CWF 5.0355 5.2025 2.8538 0.3846 0.3974 0.2180 0.2198 0.5110
DF 4.0207 4.3125 4.8303 0.3054 0.3276 0.3669 0.1933 0.4665
Scan 238: NG238
T 3.7426 3.5043 1.4724 0.4292 0.4019 0.1689 0.2465 0.5194
CWF 4.9678 5.1384 3.3391 0.3695 0.3822 0.2483 0.2158 0.5023
DF 4.0328 4.3213 5.6266 0.2885 0.3091 0.4025 0.1882 0.4536
Scan 239: NG239
T 5.1187 4.5881 1.5704 0.4539 0.4068 0.1393 0.2603 0.5250
CWF 6.5013 6.6566 3.5220 0.3898 0.3991 0.2112 0.2224 0.5124
DF 5.2038 5.4923 5.9567 0.3125 0.3298 0.3577 0.1974 0.4687
Scan 240: NG240
T 4.2819 3.9120 1.4888 0.4422 0.4040 0.1538 0.2540 0.5222
CWF 5.5469 5.6971 3.3692 0.3796 0.3899 0.2306 0.2194 0.5071
DF 4.4755 4.7481 5.6821 0.3003 0.3185 0.3812 0.1930 0.4608
Scan 241 : NG241
T 4.3716 3.9389 1.3801 0.4511 0.4065 0.1424 0.2587 0.5244
CWF 5.5903 5.7242 3.1045 0.3877 0.3970 0.2153 0.2219 0.5113
DF 4.4739 4.7295 5.2463 0.3096 0.3273 0.3631 0.1963 0.4670
Scan 242: NG242
T 4.4444 4.1072 1.5433 0.4403 0.4069 0.1529 0.2515 0.5230
CWF 5.7876 6.0055 3.4805 0.3789 0.3932 0.2279 0.2178 0.5084
DF 4.6575 5.0096 5.8754 0.2997 0.3223 0.3780 0.1912 0.4628
Scan 243: NG243
T 4.0228 3.7868 1.5736 0.4287 0.4036 0.1677 0.2455 0.5200
CWF 5.3427 5.5590 3.5691 0.3692 0.3842 0.2466 0.2149 0.5032
DF 4.3362 4.6803 6.0136 0.2885 0.3114 0.4001 0.1873 0.4550
Scan 244: NG244
T 4.6741 4.3237 1.5832 0.4417 0.4086 0.1496 0.2517 0.5239
CWF 6.0776 6.3286 3.5457 0.3810 0.3967 0.2223 0.2178 0.5102
DF 4.8732 5.2692 5.9968 0.3019 0.3265 0.3716 0.1913 0.4654
Scan 245: NG245
T 4.0794 3.7953 1.3957 0.4400 0.4094 0.1506 0.2503 0.5239
CWF 5.3348 5.5647 3.1290 0.3803 0.3967 0.2230 0.2173 0.5100
DF 4.2682 4.6349 5.2919 0.3007 0.3265 0.3728 0.1904 0.4652
Scan 246: NG246
T 4.9229 4.4537 1.5646 0.4499 0.4071 0.1430 0.2577 0.5245
CWF 6.2955 6.4755 3.5257 0.3863 0.3974 0.2163 0.2209 0.5112
DF 5.0507 5.3630 5.9558 0.3085 0.3276 0.3638 0.1955 0.4670
Scan 247: NG247
T 5.4641 5.0513 1.9881 0.4370 0.4040 0.1590 0.2507 0.5214
CWF 7.1107 7.3706 4.5280 0.3741 0.3877 0.2382 0.2167 0.5054
DF 5.7843 6.1869 7.6208 0.2952 0.3158 0.3890 0.1905 0.4585
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Scan 248: NG248
T 3.8523
CWF 5.0414
DF 4.0898
Scan 249: NG249
T 4.5782
CWF 6.1092
DF 4.9366
Scan 250: NG250
T 4.2677
CWF 5.5133
DF 4.4314
Scan 251: NG251
T 3.6002
CWF 4.7611
DF 3.8222
Scan 252: NG252
T 3.5831
CWF 4.8048
DF 3.9269
Scan 253: NG253
T 4.2152
CWF 5.4702
DF 4.4053
Scan 254: NG254
T 4.0731
CWF 5.4170
DF 4.4605
Scan 255: NG255
T 5.1749
CWF 6.7498
DF 5.4875
Scan 256: NG256
T 3.8250
CWF 5.1195
DF 4.1944
Scan 257 NG257
T 4.2761
CWF 5.6049
DF 4.5193
Scan 258 NG258
T 4.8157
CWF 6.0956
DF 4.8857
Scan 259 NG259
T 3.9965
CWF 5.4525
DF 4.4923
Scan 260 NG260
T 4.2599
CWF 5.7818
DF 4.7662
3.5365 1.4406 0.4363
5.1568 3.2736 0.3742
4.3148 5.5142 0.2938
4.3868 1.7644 0.4267
6.4736 3.9613 0.3693
5.4601 6.6933 0.2889
3.8894 1.4383 0.4448
5.6649 3.2436 0.3823
4.7071 5.4775 0.3032
3.3819 1.3163 0.4338
4.9701 2.9530 0.3754
4.1582 4.9936 0.2946
3.3835 1.5102 0.4227
4.9682 3.4387 0.3637
4.2025 5.7869 0.2822
3.8611 1.4596 0.4420
5.6315 3.2970 0.3799
4.6897 5.5639 0.3005
3.7922 1.7246 0.4247
5.5419 3.9660 0.3630
4.6893 6.6536 0.2822
4.7875 1.8958 0.4364
6.9903 4.3191 0.3738
5.8651 7.2694 0.2947
3.6074 1.6148 0.4228
5.2923 3.6879 0.3631
4.4811 6.1993 0.2820
3.9774 1.5377 0.4367
5.8254 3.4750 0.3760
4.8716 5.8624 0.2963
4.2765 1.4775 0.4556
6.1872 3.3257 0.3905
5.0962 5.6195 0.3132
3.8766 1.8259 0.4121
5.7239 4.1746 0.3552
4.8931 7.0136 0.2739
4.1078 1.9153 0.4143
6.0559 4.3868 0.3564
5.1708 7.3669 0.2754
0.4005 0.1632
0.3828 0.2430
0.3100 0.3962
0.4089 0.1644
0.3913 0.2394
0.3195 0.3917
0.4053 0.1499
0.3928 0.2249
0.3220 0.3748
0.4075 0.1586
0.3918 0.2328
0.3205 0.3849
0.3992 0.1782
0.3760 0.2603
0.3020 0.4158
0.4049 0.1531
0.3911 0.2290
0.3199 0.3796
0.3954 0.1798
0.3713 0.2657
0.2967 0.4210
0.4037 0.1599
0.3871 0.2392
0.3150 0.3904
0.3987 0.1785
0.3753 0.2616
0.3013 0.4168
0.4062 0.1570
0.3908 0.2331
0.3194 0.3843
0.2517 0.5199
0.2187 0.5033
0.1917 0.4550
0.2420 0.5217
0.2123 0.5062
0.1847 0.4596
0.2551 0.5231
0.2201 0.5087
0.1938 0.4631
0.2471 0.5223
0.2160 0.5073
0.1883 0.4610
0.2435 0.5173
0.2144 0.4988
0.1863 0.4485
0.2535 0.5225
0.2192 0.5077
0.1927 0.4616
0.2464 0.5161
0.2157 0.4966
0.1883 0.4454
0.2504 0.5212
0.2168 0.5051
0.1904 0.4579
0.2437 0.5171
0.2143 0.4984
0.1864 0.4481
0.2495 0.5222
0.2168 0.5070
0.1899 0.4606
0.4046 0.1398 0.2625 0.5244
0.3964 0.2131 0.2239 0.5114
0.3267 0.3602 0.1990 0.4671
0.3997 0.1883 0.2364 0.5159
0.3729 0.2719 0.2100 0.4961
0.2984 0.4277 0.1816 0.4451
0.3995 0.1863 0.2379 0.5162
0.3733 0.2704 0.2107 0.4965
0.2988 0.4257 0.1826 0.4456
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Scan 261: NG261
T 5.2676 5.0662 2.1051
CWF 7.0345 7.4651 4.7734
DF 5.7347 6.3366 8.0422
Scan 262: NG262
T 4.2772 3.9694 1.4935
CWF 5.5878 5.8127 3.3642
DF 4.4915 4.8499 5.6827
Scan 263: NG263
T 4.6322 4.2192 1.6670
CWF 6.0035 6.1374 3.8035
DF 4.8760 5.1260 6.3983
Scan 264: NG264
T 4.2938 3.9608 1.5489
CWF 5.6048 5.7845 3.5099
DF 4.5319 4.8368 5.9169
Scan 265: NG265
T 3.5326 3.2473 1.1850
CWF 4.6029 4.7529 2.6376
DF 3.6669 3.9362 4.4706
Scan 266: NG266
T 4.3406 3.8710 1.4002
CWF 5.5358 5.6086 3.1719
DF 4.4509 4.6310 5.3503
Scan 267: NG267
T 4.6641 4.2258 1.5162
CWF 5.9808 6.1453 3.4216
DF 4.8063 5.0970 5.7764
Scan 268: NG268
T 3.8767 3.6196 1.4268
CWF 5.1115 5.3100 3.2042
DF 4.1146 4.4414 5.4156
Scan 269: NG269
T 4.1454 3.8266 1.3974
CWF 5.3938 5.5991 3.1380
DF 4.3179 4.6545 5.3061
Scan 270: NG270
T 4.1920 3.7138 1.1929
CWF 5.2836 5.3748 2.6623
DF 4.1948 4.4022 4.5117
Scan 271: NG271
T 4.5167 4.1199 1.4762
CWF 5.8199 6.0064 3.3234
DF 4.6657 4.9817 5.6142
Scan 272: NG272
T 4.4099 4.0450 1.4883
CWF 5.7140 5.9051 3.3538
DF 4.5886 4.9099 5.6644
Scan 273: NG273
T 4.5100 4.1504 1.5487
CWF 5.8558 6.0621 3.4971
DF 4.7128 5.0513 5.9022
0.4235 0.4073
0.3650 0.3873
0.2851 0.3150
0.4391 0.4075
0.3785 0.3937
0.2990 0.3228
0.4404 0.4011
0.3765 0.3849
0.2973 0.3126
0.4380 0.4040
0.3762 0.3882
0.2965 0.3164
0.4435 0.4077
0.3838 0.3963
0.3037 0.3260
0.4516 0.4027
0.3867 0.3918
0.3084 0.3209
0.4482 0.4061
0.3847 0.3953
0.3065 0.3251
0.4345 0.4056
0.3751 0.3897
0.2945 0.3179
0.4424 0.4084
0.3817 0.3962
0.3024 0.3260
0.4607 0.4082
0.3966 0.4035
0.3200 0.3358
0.4466 0.4074
0.3842 0.3965
0.3057 0.3264
0.1692 0.2406 0.5206
0.2477 0.2110 0.5039
0.3998 0.1836 0.4566
0.1533 0.2505 0.5231
0.2279 0.2173 0.5085
0.3782 0.1905 0.4629
0.1585 0.2541 0.5207
0.2385 0.2194 0.5046
0.3901 0.1932 0.4569
0.1580 0.2513 0.5215
0.2356 0.2179 0.5059
0.3871 0.1912 0.4590
0.1488 0.2532 0.5238
0.2199 0.2197 0.5104
0.3703 0.1927 0.4654
0.1457 0.2607 0.5231
0.2216 0.2233 0.5089
0.3707 0.1979 0.4633
0.1457 0.2570 0.5239
0.2201 0.2206 0.5101
0.3684 0.1950 0.4653
0.1599 0.2483 0.5216
0.2352 0.2166 0.5064
0.3876 0.1892 0.4595
0.1491 0.2522 0.5239
0.2221 0.2184 0.5101
0.3716 0.1918 0.4652
0.1311 0.2642 0.5266
0.1999 0.2251 0.5152
0.3442 0.2003 0.4730
0.1460 0.2554 0.5241
0.2194 0.2199 0.5105
0.3679 0.1939 0.4659
0.4435 0.4068 0.1497 0.2536 0.5234
0.3816 0.3944 0.2240 0.2190 0.5093
0.3026 0.3238 0.3736 0.1927 0.4640
0.4418 0.4065 0.1517 0.2526 0.5231
0.3799 0.3933 0.2269 0.2183 0.5086
0.3008 0.3224 0.3767 0.1920 0.4630
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Scan 274:
T
CWF
DF
NG274
3.7150
4.8042
3.8557
3.3662
4.8997
4.0611
1.2647
2.8408
4.8021
0.4451
0.3830
0.3031
0.4033
0.3906
0.3193
0.1515
0.2265
0.3776
0.2562
0.2213
0.1948
0.5223
0.5079
0.4616
Scan 275:
T
CWF
DF
NG275
4.1163
5.2135
4.1712
3.6463
5.2720
4.3364
1.2591
2.8365
4.7928
0.4563
0.3913
0.3136
0.4042
0.3957
0.3260
0.1396
0.2129
0.3604
0.2631
0.2247
0.1996
0.5243
0.5113
0.4669
Scan 276:
T
CWF
DF
NG276
4.0532
5.3203
4.2844
3.7638
5.5134
4.6060
1.4706
3.3044
5.5834
0.4364
0.3763
0.2960
0.4053
0.3900
0.3182
0.1583
0.2337
0.3858
0.2497
0.2173
0.1902
0.5218
0.5067
0.4600
Scan 277:
T
CWF
DF
NG277
5.0574
6.7238
5.4210
4.8494
7.1595
6.0306
1.8892
4.2338
7.1575
0.4287
0.3711
0.2913
0.4111
0.3952
0.3241
0.1602
0.2337
0.3846
0.2424
0.2121
0.1848
0.5229
0.5081
0.4625
Scan 278:
T
CWF
DF
NG278
4.3349
5.5864
4.4928
3.9406
5.7351
4.7631
1.4495
3.2730
5.5253
0.4457
0.3828
0.3040
0.4052
0.3930
0.3222
0.1491
0.2243
0.3738
0.2558
0.2203
0.1943
0.5231
0.5089
0.4634
Scan 279:
T
CWF
DF
NG279
4.5436
5.9758
4.8705
4.2232
6.1741
5.1935
1.7486
3.9892
6.7099
0.4321
0.3703
0.2904
0.4016
0.3826
0.3096
0.1663
0.2472
0.4000
0.2485
0.2162
0.1893
0.5197
0.5026
0.4542
Scan 280:
T
CWF
DF
NG280
4.3665
5.7833
4.6756
4.1214
6.0595
5.0919
1.6468
3.7225
6.2792
0.4308
0.3716
0.2914
0.4067
0.3893
0.3173
0.1625
0.2392
0.3913
0.2456
0.2145
0.1872
0.5215
0.5057
0.4588
Scan 281:
T
CWF
DF
NG281
5.0098
6.4811
5.2030
4.6183
6.7498
5.6180
1.6606
3.7381
6.3150
0.4438
0.3819
0.3036
0.4091
0.3978
0.3278
0.1471
0.2203
0.3685
0.2528
0.2180
0.1920
0.5244
0.5107
0.4664
Scan 282:
T
CWF
DF
NG282
3.9852
5.1706
4.1382
3.6546
5.3396
4.4303
1.3328
2.9935
5.0617
0.4441
0.3829
0.3036
0.4073
0.3954
0.3250
0.1485
0.2217
0.3714
0.2538
0.2195
0.1930
0.5237
0.5099
0.4648
Scan 283
T
CWF
DF
NG283
4.7792
6.2065
5.0164
4.3973
6.4170
5.3595
1.6782
3.8030
6.4111
0.4403
0.3778
0.2988
0.4051
0.3907
0.3193
0.1546
0.2315
0.3819
0.2523
0.2180
0.1918
0.5223
0.5072
0.4610
Scan 284
T
CWF
DF
NG284
4.3652
5.5943
4.4696
3.9611
5.7659
4.7702
1.3731
3.0752
5.2041
0.4501
0.3875
0.3094
0.4084
0.3994
0.3303
0.1416
0.2130
0.3603
0.2572
0.2209
0.1951
0.5250
0.5122
0.4685
Scan 285
T
CWF
DF
NG285
4.1763
5.3240
4.2401
3.7531
5.4539
4.4905
1.2671
2.8358
4.8002
0.4541
0.3911
0.3134
0.4081
0.4006
0.3319
0.1378
0.2083
0.3548
0.2599
0.2227
0.1972
0.5255
0.5132
0.4699
Scan 286
T
CWF
DF
NG286
4.5309
6.0022
4.9008
4.2491
6.2273
5.2533
1.7999
4.1098
6.9116
0.4283
0.3673
0.2872
0.4016
0.3811
0.3078
0.1701
0.2515
0.4050
0.2460
0.2149
0.1877
0.5191
0.5016
0.4527 '
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Scan 287: NG287
T 3.5025 3.3113 1.3066 0.4313 0.4078 0.1609 0.2454 0.5220
CWF 4.6577 4.8766 2.9317 0.3736 0.3912 0.2352 0.2151 0.5068
DF 3.7397 4.0848 4.9571 0.2926 0.3196 0.3878 0.1873 0.4602
Scan 288: NG288
T 4.8563 4.4803 1.6919 0.4403 0.4063 0.1534 0.2518 0.5227
CWF 6.3091 6.5436 3.8307 0.3782 0.3922 0.2296 0.2176 0.5079
DF 5.0930 5.4653 6.4597 0.2993 0.3211 0.3796 0.1914 0.4621
Scan 289: NG289
T 4.0338 3.7877 1.4324 0.4359 0.4093 0.1548 0.2477 0.5233
CWF 5.3124 5.5668 3.2157 0.3769 0.3950 0.2281 0.2158 0.5088
DF 4.2604 4.6519 5.4362 0.2969 0.3242 0.3789 0.1886 0.4634
Scan 290: NG290
T 4.4467 4.3090 1.8328 0.4200 0.4070 0.1731 0.2385 0.5200
CWF 5.9966 6.3674 4.1484 0.3632 0.3856 0.2512 0.2105 0.5029
DF 4.8800 5.4070 6.9929 0.2824 0.3129 0.4047 0.1825 0.4549
Scan 291 : NG291
T 3.4780 3.3786 1.2916 0.4268 0.4146 0.1585 0.2397 0.5240
CWF 4.6840 5.0160 2.8529 0.3731 0.3996 0.2273 0.2117 0.5102
DF 3.7286 4.2104 4.8455 0.2917 0.3293 0.3790 0.1832 0.4654
Scan 292: NG292
T 4.6906 4.4159 1.2458 0.4531 0.4266 0.1203 0.2513 0.5323
CWF 6.0776 6.5405 2.6809 0.3973 0.4275 0.1752 0.2166 0.5245
DF 4.7148 5.3602 4.5894 0.3215 0.3655 0.3130 0.1907 0.4879
Scan 293: NG293
T 4.6140 4.6336 1.7775 0.4185 0.4203 0.1612 0.2323 0.5249
CWF 6.2916 6.9273 3.9207 0.3671 0.4042 0.2288 0.2063 0.5112
DF 5.0268 5.8714 6.6597 0.2863 0.3344 0.3793 0.1778 0.4673
Scan 294: NG294
T 4.4622 4.2237 1.2564 0.4488 0.4248 0.1264 0.2493 0.5310
CWF 5.8145 6.2559 2.7336 0.3928 0.4226 0.1847 0.2156 0.5220
DF 4.5348 5.1515 4.6648 0.3160 0.3590 0.3250 0.1893 0.4840
Scan 295: NG295
T 5.4898 5.4453 2.1350 0.4200 0.4166 0.1633 0.2347 0.5237
CWF 7.4245 8.1051 4.7566 0.3660 0.3995 0.2345 0.2073 0.5091
DF 5.9804 6.8806 8.0542 0.2859 0.3290 0.3851 0.1794 0.4644
Scan 296: NG296
T 4.9257 4.6622 1.7511 0.4344 0.4112 0.1544 0.2459 0.5238
CWF 6.4903 6.8631 3.9158 0.3758 0.3974 0.2268 0.2142 0.5097
DF 5.2115 5.7514 6.6257 0.2963 0.3270 0.3767 0.1872 0.4648
Scan 297: NG297
T 3.9603 3.7147 1.2541 0.4435 0.4160 0.1405 0.2497 0.5270
CWF 5.1808 5.4753 2.7582 0.3862 0.4082 0.2056 0.2168 0.5155
DF 4.0892 4.5317 4.6918 0.3072 0.3404 0.3524 0.1899 0.4735
Scan 298: NG298
T 4.3855 4.0599 1.5889 0.4371 0.4046 0.1583 0.2504 0.5216
CWF 5.7353 5.9363 3.6025 0.3755 0.3887 0.2359 0.2173 0.5060
DF 4.6380 4.9669 6.0711 0.2959 0.3168 0.3873 0.1906 0.4592
Scan 299: NG299
T 3.9563 3.8404 1.4807 0.4264 0.4139 0.1596 0.2398 0.5237
CWF 5.3152 5.6957 3.2870 0.3717 0.3984 0.2299 0.2113 0.5095
DF 4.2506 4.7923 5.5742 0.2908 0.3279 0.3813 0.1831 0.4645
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Scan 300: NG300
T 3.4695
CWF 4.5835
DF 3.6889
Scan 301 : NG301
T 3.0823
CWF 4.1048
DF 3.3018
Scan 302: NG302
T 4.4426
CWF 5.7800
DF 4.6777
Scan 303: NG303
T 5.5894
CWF 7.1832
DF 5.8168
Scan 304: NG304
T 3.2385
CWF 4.3279
DF 3.3863
Scan 305: NG305
T 5.0191
CWF 6.7541
DF 5.4470
Scan 306: NG306
T 3.8760
CWF 5.0419
DF 4.0361
Scan 307: NG307
T 2.2821
CWF 3.7604
DF 3.4436
Scan 308: NG308
T 4.2065
CWF 6.2153
DF 5.3696
Scan 309: NG309
T 4.3904
CWF 5.6074
DF 4.3530
Scan 31 0: NG310
T 4.3212
CWF 5.4927
DF 4.2926
Scan 31 1 : NG311
T 3.9228
CWF 5.5642
DF 4.4510
Scan 312: NG312
T 2.8172
CWF 4.0049
DF 3.2054
3.2367 1.2860 0.4341
4.7480 2.8987 0.3748
3.9697 4.8946 0.2939
2.8999 1.1785 0.4305
4.2631 2.6474 0.3726
3.5722 4.4752 0.2909
4.0821 1.5887 0.4393
5.9538 3.6063 0.3768
4.9755 6.0768 0.2974
5.0902 1.8947 0.4445
7.4014 4.3110 0.3802
6.1724 7.2582 0.3022
3.1315 1.0600 0.4359
4.6622 2.3014 0.3833
3.8684 3.9297 0.3028
4.9022 1.9493 0.4228
7.2730 4.3614 0.3673
6.1532 7.3755 0.2871
3.5746 1.3121 0.4423
5.2268 2.9379 0.3818
4.3470 4.9717 0.3022
2.8230 2.4196 0.3033
4.2527 5.4492 0.2793
4.0954 9.1582 0.2062
4.5090 2.8865 0.3626
6.7464 6.6013 0.3177
6.0674 11.0613 0.2387
4.0217 1.1158 0.4608
5.9131 2.4092 0.4026
4.8129 4.1220 0.3276
3.9075 1.1393 0.4613
5.7140 2.4845 0.4012
4.6556 4.2385 0.3255
4.1995 1.7224 0.3985
6.3526 3.7560 0.3550
5.4782 6.3995 0.2726
2.9727 1.2784 0.3986
4.4857 2.7942 0.3549
3.8569 4.7592 0.2711
0.4050 0.1609
0.3882 0.2370
0.3162 0.3899
0.4050 0.1646
0.3870 0.2403
0.3148 0.3943
0.4036 0.1571
0.3881 0.2351
0.3163 0.3863
0.4048 0.1507
0.3917 0.2281
0.3207 0.3771
0.4215 0.1427
0.4129 0.2038
0.3459 0.3514
0.4130 0.1642
0.3955 0.2372
0.3243 0.3887
0.4079 0.1497
0.3958 0.2225
0.3255 0.3723
0.3752 0.3216
0.3159 0.4048
0.2453 0.5485
0.3886 0.2488
0.3449 0.3374
0.2697 0.4917
0.4221 0.1171
0.4245 0.1730
0.3622 0.3102
0.4171 0.1216
0.4174 0.1815
0.3531 0.3214
0.4266 0.1750
0.4053 0.2397
0.3355 0.3919
0.4206 0.1809
0.3975 0.2476
0.3263 0.4026
0.2484 0.5213
0.2170 0.5057
0.1894 0.4585
0.2460 0.5208
0.2161 0.5049
0.1878 0.4573
0.2523 0.5216
0.2183 0.5060
0.1918 0.4591
0.2551 0.5228
0.2191 0.5080
0.1936 0.4622
0.2426 0.5279
0.2133 0.5170
0.1850 0.4756
0.2379 0.5227
0.2095 0.5077
0.1818 0.4620
0.2524 0.5237
0.2186 0.5099
0.1918 0.4649
0.1759 0.4897
0.1793 0.4562
0.1492 0.3991
0.2090 0.5041
0.1954 0.4773
0.1658 0.4215
0.2580 0.5318
0.2209 0.5242
0.1958 0.4872
0.2605 0.5300
0.2227 0.5213
0.1977 0.4825
0.2177 0.5243
0.1985 0.5099
0.1682 0.4659
0.2199 0.5221
0.2011 0.5067
0.1702 0.4608
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Scan 313: NG313
T 3.6379 3.6955 1.4088 0.4161 0.4227 0.1611 0.2299 0.5255
CWF 5.0112 5.5450 3.0795 0.3675 0.4067 0.2258 0.2057 0.5122
DF 3.9737 4.6961 5.2453 0.2856 0.3375 0.3769 0.1763 0.4688
Scan 314: NG314
T 4.1023 4.5146 1.7331 0.3964 0.4362 0.1675 0.2130 0.5275
CWF 5.8644 6.8727 3.7301 0.3561 0.4174 0.2265 0.1952 0.5148
DF 4.6470 5.9357 6.3801 0.2740 0.3499 0.3761 0.1648 0.4735
Scan 315: NG315
T 4.9794 4.8456 1.6212 0.4350 0.4233 0.1416 0.2413 0.5284
CWF 6.6178 7.2107 3.5501 0.3808 0.4149 0.2043 0.2110 0.5174
DF 5.2187 6.0181 6.0447 0.3020 0.3482 0.3498 0.1837 0.4767
Scan 316: NG316
T 5.8259 5.6653 1.8258 0.4375 0.4254 0.1371 0.2420 0.5296
CWF 7.7041 8.4304 3.9914 0.3828 0.4189 0.1983 0.2109 0.5192
DF 6.0670 7.0285 6.7990 0.3050 0.3533 0.3418 0.1840 0.4796
Appendix B. Colorimetric Data For 12 Near Gray Grid Images
CIE 1976 u',v' of Near Gray Plate 1
0.55
0.50
0.30
CIE 1976 u',v' of Near Gray Plate 2
0.55
0.50
V'
0.30
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CIE 1976 u',v' of Near Gray Plate 3
0.55
0.50
0.45
0.40
0.15 0.20 0.25 0.30
CIE 1976 u'.V of Near Gray Plate 4
0.55
0.50
V'
0.30
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CIE 1976 u',v' of Near Gray Plate 5
0.55
0.50 -
0.30
CIE 1976 u',v' of Near Gray Plate 6
0.55
0.50
V'
0.45
0.40
u.15 0.20 0.25 0.30
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CIE 1976 u',v' of Near Gray Plate 7
0.55
0.50
V*
0.20 0.25 0.30
CIE 1976 u'.v' of Near Gray Plate 8
0.55
V'
0.30
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CIE 1976 u',v' of Near Gray Plate 9
0.55
0.50
V'
0.45
0.40
0.15 0.30
CIE 1976 u',v' of Near Gray Plate 10
0.55
0.50
V'
0.45
0.40
U.15 0.20
U"
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CIE 1976 u',v* of Near Gray Plate 11
0.55
0.50
0.20 0.25 0.30
CIE 1976 u',V of Near Gray Plate 12
0.55
V'
u.15 0.20 0.25 0.30
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Plate Element NG Number u' T V T u'CWF v" CWF u'DF v' DF
1 209 0.2577 0.5225 0.2215 0.5078 0.1957 0.4617
2 109 0.2514 0.5305 0.2166 0.5212 0.1908 0.4827
3 58 0.2493 0.5227 0.2168 0.5080 0.1898 0.4621
4 165 0.2628 0.5307 0.2239 0.5224 0.1994 0.4844
5 104 0.2477 0.5280 0.2150 0.5170 0.1883 0.4759
6 188 0.2721 0.5277 0.2296 0.5176 0.2063 0.4768
7 39 0.2714 0.5326 0.2291 0.5264 0.2063 0.4909
8 87 0.2578 0.5323 0.2206 0.5249 0.1957 0.4884
9 218 0.2637 0.5240 0.2244 0.5104 0.1999 0.4657
10 97 0.2601 0.5247 0.2230 0.5117 0.1975 0.4675
1 1 315 0.2413 0.5284 0.2110 0.5174 0.1837 0.4767
12 92 0.2644 0.5339 0.2241 0.5279 0.2006 0.4936
13 256 0.2437 0.5171 0.2143 0.4984 0.1864 0.4481
14 12 0.2519 0.5321 0.2181 0.5244 0.1915 0.4875
15 55 0.2628 0.5279 0.2242 0.5175 0.1994 0.4765
16 311 0.2177 0.5243 0.1985 0.5099 0.1682 0.4659
Plate Element NG Number u' T v' T u'CWF v'CWF U'DF V DF
2 1 304 0.2426 0.5279 0.2133 0.5170 0.1850 0.4756
2 2 260 0.2379 0.5162 0.2107 0.4965 0.1826 0.4456
2 3 191 0.2583 0.5270 0.2218 0.5157 0.1961 0.4737
2 4 214 0.2642 0.5348 0.2240 0.5295 0.2005 0.4963
2 5 215 0.2383 0.5235 0.2111 0.5093 0.1823 0.4641
2 6 133 0.2582 0.5264 0.2214 0.5145 0.1959 0.4720
2 7 257 0.2495 0.5222 0.2168 0.5070 0.1899 0.4606
2 8 180 0.2621 0.5230 0.2237 0.5088 0.1988 0.4632
2 9 172 0.2647 0.5318 0.2252 0.5244 0.2010 0.4877
2 10 50 0.2496 0.5265 0.2173 0.5149 0.1900 0.4723
2 1 1 146 0.2752 0.5340 0.2312 0.5288 0.2093 0.4952
2 12 261 0.2406 0.5206 0.21 10 0.5039 0.1836 0.4566
2 13 292 0.2513 0.5323 0.2166 0.5245 0.1907 0.4879
2 14 226 0.2648 0.5250 0.2254 0.5123 0.2008 0.4686
2 15 313 0.2299 0.5255 0.2057 0.5122 0.1763 0.4688
2 16 15 0.2755 0.5283 0.2326 0.5192 0.2094 0.4790
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Plate Element NG Number u' T V T u'CWF VCWF u"DF v1 DF
3 1 212 0.2553 0.5201 0.2203 0.5035 0.1941 0.4554
3 2 217 0.2747 0.5280 0.2314 0.5183 0.2084 0.4779
3 3 95 0.2468 0.5289 0.2139 0.5183 0.1875 0.4781
3 4 239 0.2603 0.5250 0.2224 0.5124 0.1974 0.4687
3 5 68 0.2516 0.5246 0.2178 0.5112 0.1913 0.4669
3 6 201 0.2387 0.5161 0.2113 0.4965 0.1830 0.4456
3 7 101 0.2548 0.5316 0.2186 0.5233 0.1933 0.4860
3 8 206 0.2515 0.5314 0.2169 0.5227 0.1909 0.4851
3 9 70 0.2618 0.5267 0.2241 0.5154 0.1988 0.4731
3 10 22 0.2627 0.5311 0.2237 0.5231 0.1994 0.4855
3 1 1 310 0.2605 0.5300 0.2227 0.5213 0.1977 0.4825
3 12 293 0.2323 0.5249 0.2063 0.5112 0.1778 0.4673
3 13 3 0.2649 0.5351 0.2244 0.5301 0.2011 0.4973
3 14 255 0.2504 0.5212 0.2168 0.5051 0.1904 0.4579
3 15 56 0.2634 0.5278 0.2249 0.5175 0.1999 0.4765
3 16 35 0.2689 0.5332 0.2275 0.5271 0.2043 0.4923
Plate Element NG Number u' T v' T u' CWF v' CWF u'DF v' DF
4 1 4 0.2568 0.5270 0.2208 0.5155 0.1950 0.4735
4 2 229 0.2645 0.5272 0.2258 0.5167 0.2008 0.4752
4 3 29 0.2599 0.5254 0.2220 0.5128 0.1970 0.4694
4 4 32 0.2621 0.5294 0.2239 0.5201 0.1990 0.4807
4 5 81 0.2602 0.5342 0.2230 0.5284 0.1979 0.4941
4 6 204 0.2724 0.5273 0.2296 0.5168 0.2065 0.4756
4 7 37 0.2445 0.5290 0.2126 0.5184 0.1859 0.4782
4 8 297 0.2497 0.5270 0.2168 0.5155 0.1899 0.4735
4 9 259 0.2364 0.5159 0.2100 0.4961 0.1816 0.4451
4 10 294 0.2493 0.5310 0.21 06 0.5220 0.1893 0.4840
4 1 1 265 0.2532 0.5238 0.2107 0.5104 0.1927 0.4654
4 12 46 0.2709 0.5342 0.0207 0.5290 0.2059 0.4955
4 13 187 0.2608 0.5232 0.20. 3 0.5094 0.1979 0.4639
4 14 289 0.2477 0.5233 O.OiOS 0.5088 0.1886 0.4634
4 15 248 0.2517 0.5199 0.2i :7 0.5033 0.1917 0.4550
4 16 314 0.2130 0.5275
0.'
2 C 5148 0.1648 0.4735
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Plate Element NG Number u' T V' T u'CvVF VCWF u'DF V' DF
5 1 161 0.2530 0.5310 0.2173 0.5221 0.1919 0.4842
5 2 74 0.2590 0.5259 0.2223 0.5138 0.1967 0.4708
5 3 98 0.2597 0.5313 0.2220 0.5234 0.1971 0.4860
5 4 316 0.2420 0.5296 0.21 09 0.5192 0.1840 0.4796
5 5 208 0.2473 0.5209 0.2156 0.5048 0.1884 0.4575
5 6 182 0.2752 0.5311 0.2317 0.5238 0.2091 0.4868
5 7 86 0.2537 0.5316 0.2188 0.5234 0.1927 0.4861
5 8 221 0.2720 0.5280 0.2295 0.5181 0.2063 0.4776
5 9 99 0.2570 0.5225 0.2205 0.5076 0.1950 0.4616
5 10 24 0.2599 0.5339 0.2218 0.5277 0.1972 0.4933
5 1 1 220 0.2598 0.5242 0.223S 0.5113 0.1974 0.4668
5 12 116 0.2483 0.5277 0.21 -13 0.5164 0.1886 0.4750
5 13 16 0.2644 0.5290 0.2200 0.5194 0.2006 0.4796
5 14 129 0.2590 0.5282 0.2018 0.5178 0.1965 0.4771
5 15 194 0.2619 0.5253 0.2039 C.5129 0.1987 0.4694
5 16 312 0.2199 0.5221 0.2,1 1 0.5 067 0.1702 0.4608
Plate Element NG Number u' T
v' T U'CW- V CWF u'DF
v' DF
6 1 91 0.2548 0.5232 0.2. 0 C.5090 0.1937 0.4635
6 2 140 0.2617 0.5320
0.2-
-3 0.5244 0.1984 0.4878
6 3 268 0.2483 0.5216 0.2. 3 0.5 064 0.1892 0.4595
6 4 291 0.2397 0.5240 o.o; ,7 0.5 102 0.1832 0.4654
6 5 73 0.2637 0.5290 0.2. 2 0.5195 0.2002 0.4798
6 6 199 0.2644 0.5264 0.: 1 C.5149 0.2005 0.4726
6 7 151 0.2528 0.5298 0... 3 0.5 203 0.1920 0.4810
6 8 213 0.2607 0.5252 o.: o o 5127 0.1978 0.4692
6 9 40 0.2498 0.5258 0. 0'. 0 j 136 0.1902 0.4704
6 10 141 0.2540 0.5288 0... t i . :, 1 89 0.1931 0.4786
6 1 1 9 0.2532 0.5309 0. ,0219 0.1920 0.4839
6 12 198 0.2664 0.5295 0. j . 205 0.2021 0.4814
6 13 51 0.2611 0.5322 0. 2 i...248 0.1980 0.4885
6 14 34 0.2546 0.5252 c . l .0:124 0.1934 0.4687
6 15 23 0.2570 0.5267 0. . 3 i .5153 0.1954 0.4730
6 16 309 0.2580 0.5318 C. 3 i 242 0.1958 0.4872
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Plate Element NG Number u' T V T u' -0 V CWF u'DF V DF
7 1 154 0.2498 0.5276 0.0 .2 0.5165 0.1898 0.4750
7 2 157 0.2586 0.5289 0.2 .0 0.5190 0.1963 0.4790
7 3 262 0.2505 0.5231 O.O ; 03 0.5085 0.1905 0.4629
7 4 231 0.2512 0.5241 0.2' 14 0.5103 0.1909 0.4656
7 5 299 0.2398 0.5237 0.21 13 0.5095 0.1831 0.4645
7 6 263 0.2541 0.5207 0.0 0 0.5046 0.1932 0.4569
7 7 107 0.2516 0.5250 o.o : 3 0.5120 0.1913 0.4681
7 8 72 0.2559 0.5289 0.2 -2 0.5189 0.1944 0.4787
7 9 132 0.2641 0.5319 0.2 3 0.5245 0.2005 0.4878
7 10 143 0.2620 0.5286 0.2 7 0.5186 0.1989 0.4784
7 1 1 167 0.2564 0.5320 O.O 3 0.5242 0.1946 0.4873
7 12 66 0.2594 0.5271 o.o ; .5159 0.1970 0.4741
7 13 275 0.2631 0.5243 0.2_ 0 0.5113 0.1996 0.4669
7 14 126 0.2493 0.5301 0.2' 0 5 0.5205 0.1893 0.4815
7 15 138 0.2658 0.5294 O.O "< 0 5 203 0.2017 0.4811
7 16 216 0.2563 0.5248 c. ....118 0.1946 0.4677
Plate Element NG Number u' T v' T u' \ CWF u'DF v' DF
8 1 2 0.2582 0.5300 0. > ( 209 0.1958 0.4821
8 2 112 0.2521 0.5274 c. 0) * . 163 0.1916 0.4747
8 3 227 0.2674 0.5261 c 1 45 0.2027 0.4719
8 4 103 0.2627 0.5281 c : 178 0.1992 0.4771
8 5 170 0.2675 0.5291 0. 198 0.2030 0.4802
8 6 145 0.2555 0.5279 0 172 0.1940 0.4761
8 7 210 0.2470 0.5210 0. 048 0.1881 0.4575
8 8 105 0.2572 0.5263 0 144 0.1953 0.4717
8 9 108 0.2674 0.5316 c 240 0.2028 0.4873
8 10 80 0.2464 0.5233 c. 089 0.1878 0.4635
8 1 1 205 0.2548 0.5252 c. 125 0.1934 0.4689
8 12 192 0.2618 0.5272 c. 161 0.1986 0.4745
8 13 19 0.2576 0.5314 c 032 0.1955 0.4858
8 14 249 0.2420 0.5217 c 062 0.1847 0.4596
8 15 246 0.2577 0.5245 c 112 0.1955 0.4670
8 16 272 0.2536 0.5234 c i93 0.1927 0.4640
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Plate Element NG Number u' T V' T u'
9 1 130 0.2513 0.5299 0.
9 2 41 0.2539 0.5272 0.
9 3 11 0.2582 0.5298 0.
9 4 25 0.2537 0.5300 0.
9 5 185 0.2668 0.5286 0
9 6 183 0.2384 0.5239 0.
9 7 142 0.2560 0.5320 0.
9 8 149 0.2659 0.5287 0.
9 9 27 0.2552 0.5271 0.
9 10 240 0.2540 0.5222 0.
9 1 1 153 0.2632 0.5267 0.
9 12 211 0.2463 0.5227 0.
9 13 79 0.2618 0.5324 0.
9 14 152 0.2582 0.5281 0.
9 15 267 0.2570 0.5239 0.
9 16 130 0.2513 0.5299 0
Plate Element NG Number
u' T v' T
u'
10 1 243 0.2455 0.5200 0
10 2 122 0.2603 0.5280 0
10 3 45 0.2515 0.5229 c
10 4 247 0.2507 0.5214 c
10 5 64 0.2590 0.5301 c
10 6 136 0.2576 0.5277 c
10 7 282 0.2538 0.5237 c
10 8 113 0.2566 0.5270 r
10 9 111 0.2661 0.5280 c
10 10 33 0.2674 0.5300 c
10 1 1 31 0.2692 0.5329 t
10 12 286 0.2460 0.5191 0
10 13 68 0.2516 0.5246 c
10 14 52 0.2552 0.5252 0
10 15 60 0.2611 0.5287 c
10 16 147 0.2636 0.5324 r
CWF
.5204
.5158
.5206
.5207
5190
^097
5242
5190
.5159
5071
.3155
,078
.5252
.5175
0101
204
1WF
032
176
)83
354
311
170
399
156
1 77
015
067
116
112
i 24
188
52
u'DF
0.1909
0.1927
0.1960
0.1927
0.2025
0.1820
0.1942
0.2017
0.1939
.1930
.1999
.1876
.1988
.1959
0.1950
0.1909
0.
0.
0.
0.
0.
U'DF
0.1873
0.1976
0.1913
0.1905
0.1965
0.1958
0.1930
0.1949
0.2019
0.2030
0.2045
0.1877
0.1913
0.1939
0.1981
0.2000
v' DF
0.4812
0.4740
0.4816
0.4817
0.4789
0.4650
0.4874
0.4790
0.4741
0.4608
0.4733
0.4619
0.4890
0.4767
0.4653
0.4812
V DF
0.4550
0.4767
0.4626
0.4585
0.4824
0.4757
0.4648
0.4737
0.4769
0.4830
0.4915
0.4527
0.4669
0.4688
0.4787
0.4891
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Plate Element NG Number u'T V T U'CWF v'CWF U'DF v' DF
1 144 0.2581 0.5300 0.2209 0.5207 0.1958 0.4818
2 134 0.2637 0.5309 0.2256 0.5232 0.2005 0.4855
3 241 0.2587 0.5244 0.2219 0.5113 0.1963 0.4670
4 96 0.2606 0.5261 0.2233 0.5143 0.1979 0.4716
5 21 0.2620 0.5292 0.2238 0.5197 0.1989 0.4800
6 290 0.2385 0.5200 0.2105 0.5029 0.1825 0.4549
7 44 0.2566 0.5322 0.2201 0.5246 0.1948 0.4880
8 244 0.2517 0.5239 0.2178 0.5102 0.1913 0.4654
9 186 0.2507 0.5211 0.2176 0.5052 0.1908 0.4579
10 207 0.2533 0.5227 0.2190 0.5080 0.1926 0.4621
1 1 305 0.2379 0.5227 0.2095 0.5077 0.1818 0.4620
12 94 0.2507 0.5283 0.2165 0.5176 0.1904 0.4769
13 63 0.2569 0.5291 0.2203 0.5193 0.1949 0.4794
14 59 0.2545 0.5274 0.2193 0.5162 0.1932 0.4746
15 78 0.2567 0.5322 0.2203 0.5245 0.1949 0.4879
16 230 0.2461 0.5225 0.2143 0.5072 0.1874 0.4612
Plate Element NG Number u' T v' T u'CWF v'CWF u'DF V DF
12 1 264 0.2513 0.5215 0.2179 0.5059 0.1912 0.4590
12 2 232 0.2667 0.5283 0.2269 0.5184 0.2024 0.4780
12 3 61 0.2546 0.5260 0.2195 0.5140 0.1934 0.4711
12 4 224 0.2672 0.5258 0.2265 0.5139 0.2024 0.4711
12 5 277 0.2424 0.5229 0.2121 0.5081 0.1848 0.4625
12 6 62 0.2595 0.5343 0.2214 0.5284 0.1970 0.4942
12 7 88 0.2566 0.5281 0.2205 0.5177 0.1948 0.4768
12 8 125 0.2648 0.5323 0.2256 0.5254 0.2012 0.4892
12 9 238 0.2465 0.5194 0.2158 0.5023 0.1882 0.4536
12 10 110 0.2577 0.5276 0.2207 0.5166 0.1954 0.4753
12 1 1 127 0.2577 0.5294 0.2212 0.5199 0.1956 0.4804
12 12 7 0.2694 0.5295 0.2280 0.5206 0.2044 0.4816
12 13 273 0.2526 0.5231 0.2183 0.5086 0.1920 0.4630
12 14 251 0.2471 0.5223 0.2160 0.5073 0.1883 0.4610
12 15 30 0.2609 0.5277 0.2230 0.5172 0.1980 0.4761
12 16 89 0.2596 0.5327 0.2222 0.5256 0.1972 0.4896
Appendix C. Comments on Research Methods
One of the benefits of performing a large research project are the many lessons
learned. This appendix contains a summary of some things learned by the author
during this project.
Looking back on this research, it seems there were three stages of work -
planning, experiments, and analysis. Planning included researching the literature,
writing the proposal, and preparing instrumentation and the laboratory. Analysis
included examining the results, drawing conclusions, and preparing the thesis. The
first part took about 70% of the total time for this project. The analysis part took
about 25%. The experiments seemed to go by in lightning speed. I give them about
5% of the total time. This brings me to research rule 1: The major components of a
successful research project are planning, planning, and planning. Once an
experiment is run, it is often difficult, costly, or even impossible to repeat if the
results prove to be unsatisfactory. Sometimes, additional manipulation techniques
can be used to 'save' noisy or biased data. This should be (and was) avoided if the
source of noise or bias is not clearly known. Processing noisy data may be
equivalent to rewriting the results the way you would like them to appear. In any
case, its no replacement for a properly planned and executed experiment.
Planning includes reading the literature the more the better. Start with recent,
related work and work your way back to thoughts scratched on the walls by
cavemen. And keep careful notes! Write down interesting quotes exactly, along
with full reference information and page numbers. Summarize the equipment
used, the results and conclusions. There is nothing worse than having to plow
through literature a second time trying to find information you didn't bother to
record the first time. Analyze everything you read, summarize, make tables,
cross-
reference information. Ask (and answer) questions: How long did the author take
for this work? What was his background? What is important in this work? What is
(was) new? How can I use this information in my work? What psychophysical
method was used? Did the author measure what he thought he measured?
Literature that is skimmed over with little thinking always has to be read again later
when writing the proposal or thesis. You want to avoid this.
Analyzing the literature is very important in psychophysics because there is so
much we don't yet know about the visual system and so much we do know. It is
very difficult to control all the physical variables and too easy to discredit research.
Clear experimental procedures should be established including detailed descriptions
of instrumentation and all parts of visual field. Psychophysics should always have
specific written instructions. Plan expenses including time and observers.
Carefully consider type of observers and training.
A research project is born when a problem worth your time and interest is
found. Reading and thinking leads to many interesting problems. You will only
know if you have a good potential project after planning it from top to bottom. You
will only know when you actually have a project if your boss signs the plans. This
brings me to Research rule number 2: Never make a move unless your boss
approves it in writing. This rule keeps the worker from doing stupid things. First,
it insures rule 1 is being followed to the degree required by the boss. Second, it
insures that the worker is communicating his progress. Your goal is to prevent the
frustration ultimately caused by wish-washy problems with an unclear purpose and
objectives, that are subject to revision at the slightest whim. The first draft of a
project proposal should contain one page that clearly answers the questions: What
is the problem? What are the objectives? Who cares? What EXACTLY am I
required to do?
A research proposal should be bullet proof. If planned correctly, it shouldn't
matter if all experiments go totally wrong and yield nonsense as results. Error is
part of science. Plan to find some. Write it into the proposal. Establish bounds on
your work. A good proposal should directly indicate that you are not expected to
solve the problems of the world, just do a specific series of tasks and analyze their
implications. An open-ended proposal leads to chaos and last-minute ideas for new
work to do.
Now for research rule number 3: you don't know as much as you think you do.
Realize that the probability that you missed something is directly proportional to
how right you think you are. This includes your boss as well. This means that you
should thrive on the scientific process. Let the data do the talking. Never disguise
conclusions and deductions as results. Never state absolutes, you aren't that smart.
Never discount anything anyone says. Remember the old saying about opinions.
This also includes my opinions.
In conclusion, here is a smattering of odds and ends.
If you think you know what your observers are thinking, think again. How
can you know what observers are thinking when they often do not know
themselves. Experiments seldom simulate real life applications well enough to fool
observers. Remember that observers can say anything they want.
Carefully plan methods of statistical analysis. Make sure experiments are
designed to separate sources of noise.
Plan experiments to allow direct comparison of at least part of the results with
previous work in the literature. This allows some check of methods and adds
weight to your results.
Get detailed opinions from 'experts' on your proposal before beginning work.
Carefully think through the purpose and objectives of the research. Write
down detailed ideas what you think the final results and conclusions will be.
Include sources of error.
Never underestimate the importance of good metrology.
Keep detailed records of EVERYTHING including your observations.
When it doesn't interfere with an experiment, ask observers their opinion on
what they did, what they perceived, how the felt, etc.
What are the variables that could influence the results?
Use pilot studies to check techniques.
Difficult tasks result in noisy or biased results. Determine if the observer task is
intuitive, confusing, requires training, etc.
Is the experiment robust? Can simple changes in visual field, instructions,
interpretation, measurement, cause large differences in results.
A simulation always yields simulated results. There is no replacement for the
real thing.
Don't re-invent the wheel. Read literature from other fields. Chances are
you're not the only smart one in the world. Chances are your field isn't everything.
Last Rule: If you want someone to use your results, give them what they want or
sell them what you have. Sulking and calling them names is a cop-out. Forgetting
them is your choice.
